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ABSTRACT 
Thin-walled cold-formed steel (CFS) has exhibited inherent structural and architectural 
advantages over other constructional materials, for example, high strength-to-weight 
ratio, ease of fabrication, economy in transportation and the flexibility of sectional 
profiles, which make CFS ideal for modern residential and industrial buildings. They 
have been increasingly used as purlins as the intermediate members in a roof system, or 
load-bearing components in low- and mid-rise buildings. However, using CFS members 
in building structures has been facing challenges due to the lack of knowledge to the fire 
performance of CFS at elevated temperatures and the lack of fire design guidelines. 
Among all available design specifications of CFS, EN1993-1-2 is the only one which 
provided design guidelines for CFS at elevated temperatures, which, however, is based 
on the same theory and material properties of hot-rolled steel. Since the material 
properties of CFS are found to be considerably different from those of hot-rolled steel, 
the applicability of hot-rolled steel design guidelines into CFS needs to be verified. 
Besides, the effect of non-uniform temperature distribution on the failure of CFS 
members is not properly addressed in literature and has not been specified in the 
existing design guidelines. Therefore, a better understanding of fire performance of CFS 
members is of great significance to further explore the potential application of CFS.  
 
Since CFS members are always with thin thickness (normally from 0.9 to 8 mm), open 
cross-section, and great flexural rigidity about one axis at the expense of low flexural 
rigidity about a perpendicular axis, the members are usually susceptible to various 
buckling modes which often govern the ultimate failure of CFS members. When CFS 
members are exposed to a fire, not only the reduced mechanical properties will 
influence the buckling capacity of CFS members, but also the thermal strains which can 
lead additional stresses in loaded members. The buckling behaviour of the member can 
be analysed based on uniformly reduced material properties when the member is 
unprotected or uniformly protected surrounded by a fire that the temperature 
distribution within the member is uniform. However if the temperature distribution in a 
member is not uniform, which usually happens in walls and/or roof panels when CFS 
members are protected by plaster boards and exposed to fire on one side, the analysis of 
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the member becomes very complicated since the mechanical properties such as Young’s 
modulus and yield strength and thermal strains vary within the member.  
 
This project has the aim of providing better understanding of the buckling performance 
of CFS channel members under non-uniform temperatures. The primary objective is to 
investigate the fire performance of plasterboard protected CFS members exposed to fire 
on one side, in the aspects of pre-buckling stress distribution, elastic buckling behaviour 
and nonlinear failure models. Heat transfer analyses of one-side protected CFS members 
have been conducted firstly to investigate the temperature distributions within the cross-
section, which have been applied to the analytical study for the prediction of flexural 
buckling loads of CFS columns at elevated temperatures. A simplified numerical 
method based on the second order elastic – plastic analysis has also been proposed for 
the calculation of the flexural buckling load of CFS columns under non-uniform 
temperature distributions. The effects of temperature distributions and stress-strain 
relationships on the flexure buckling of CFS columns are discussed.  
 
Afterwards a modified finite strip method combined with the classical Fourier series 
solutions have been presented to investigate the elastic buckling behaviour of CFS 
members at elevated temperatures, in which the effects of temperatures on both strain 
and mechanical properties have been considered. The variations of the elastic buckling 
loads/moments, buckling modes and slenderness of CFS columns/beams with 
increasing temperatures have been examined. The finite element method is also used to 
carry out the failure analysis of one-side protected beams at elevated temperatures. The 
effects of geometric imperfection, stress-strain relationships and temperature 
distributions on the ultimate moment capacities of CFS beams under uniform and non-
uniform temperature distributions are examined. At the end the direct strength method 
based design methods have been discussed and corresponding recommendations for the 
designing of CFS beams at elevated temperatures are presented. This thesis has 
contributed to improve the knowledge of the buckling and failure behaviour of CFS 
members at elevated temperatures, and the essential data provided in the numerical 
studies has laid the foundation for further design-oriented studies.  
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CHAPTER 1 – INTRODUCTION 
 
 General introduction – what is cold-formed steel? 1.1
Thin-walled, cold-formed steel (CFS) could be traced back as early as 1850s, and it 
firstly entered the building construction in the late 1920s. However, many of the CFS 
applications were unable to be realized due to the lack of design methods and product 
recognition, until the first specification of CFS design came out in 1946 (AISI, 2010). 
Since then CFS has exhibited inherent structural and architectural advantages over other 
constructional materials, for example, high strength-to-weight ratio, ease of fabrication, 
economy in transportation and the flexibility of sectional profiles, which make CFS 
ideal for modern residential and industrial buildings. CFS members have been 
traditionally used as purlins, the intermediate members in a roof system to support the 
corrugated roof or wall sheeting and transmit the force to the main structural frame. In 
recent years, CFS has been also increasingly used as load-bearing components in low- 
and mid-rise buildings.  
 
CFS sections are manufactured by bending and shaping flat sheet steel at ambient 
temperature, and the most commonly used sections are the zed, channel and sigma 
shapes, which may be plain or have stiffened lips (AISI, 2010). As the cold forming 
process introduces local work hardening to the formed corners in the strip, CFS has 
considerably higher yield strength than the flat steel strip. However, the forming process 
also reduces the ductility of CFS. Therefore the manufacturing methods generally 
distinguish the CFS from traditional hot-rolled steel. Figure  1.1 graphically shows the 
difference in stress-strain curve between the CFS and hot-rolled steel.   
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Figure  1.1 Influence of strain hardening on stress-strain curve of steel (Li and Chu, 
2008) 
 
 Project background  1.2
Since CFS members are always with thin thickness (normally from 0.9 to 8 mm), open 
cross-section, and great flexural rigidity about one axis at the expense of low flexural 
rigidity about a perpendicular axis, the members are usually susceptible to various 
buckling modes including local, distortional, and lateral-torsional buckling modes, 
which often govern the ultimate failure of CFS members. The local buckling of a CFS 
section member is characterized by the ripples of relatively short half-wavelength of the 
order of magnitude of individual plate elements in the section, in which the buckling 
displacements are only perpendicular to plane elements while the fold lines remain 
straight. The critical stress of the local buckling can be calculated using the formula of 
buckling of plates (Li and Chu, 2008). The distortional buckling occurs only in the 
structural members of open cross sections. Distortional buckling involves both 
translation and rotation at the sectional fold lines of a member leading to a distortion of 
the cross section. The half-wavelength of the distortional buckling mode is typically 
several times larger than the largest characteristic dimension of the cross-section. Unlike 
the local buckling in which the critical stress is dependent only on the ratio of the width 
to thickness of the plate element, the distortional buckling is much more complicated 
and its critical stress is dependent on the dimensions of not only the buckled flange and 
lip but also other parts of the section (Li and Chen, 2008).  
 
In contrast to the local and distortional buckling, the lateral-torsional buckling generally 
occurs when a beam which is bent about its major axis develops a tendency to twist 
 
Figure has been removed due to Copyright restrictions. 
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and/or displace laterally (Li, 2004). Which buckling mode a CFS member will have is 
dependent on the distribution of pre-buckling stress in the member, the length, sectional 
dimensions and boundary conditions of the member. Figure  1.2 shows the typical 
buckling curves of a channel-section member, obtained by the author using the 
conventional finite strip method (Schafer, 1997), when it is subjected to a compression 
and a pure bending. As the failure of CFS members is dominantly controlled by the 
buckling, understanding the buckling behaviour of CFS members is therefore of great 
significance to explore the potential application of CFS.  
 
 
 
Figure  1.2 Buckling curves of CFS members at ambient temperature 
 
Since 1970s, there has been substantial ongoing research activity in the field of CFS 
structures. There have been a number of international conferences which are closely 
related to CFS structures, for example, the International Conference on Thin-walled 
Structures and the International Conference on Coupled Instability in Metal Structures, 
both of which are held once for every four years. Also, there is an International 
Specialty Conference on CFS Structures organised biannually by the University of 
Missouri-Rolla to disseminate the latest research findings. In addition to these 
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conferences, there are several books written especially for the analysis and design of 
CFS structures (Hancock, 2005; Hancock et al., 2001; Rhodes and Walker, 1982; 
Walker, 1975; Winter et al., 1969) and review articles on the research development 
related to design methods of CFS sections (Davies, 2000; Gunalan and Mahendran, 
2013d; Hancock, 2003; Hancock and Rasmussen, 1998; Li, 2011; Macdonald et al., 
2008; Schafer, 2008). New design specifications have also been developed for CFS 
sections in Europe (EN1993-1-3, 2006), North America (AISI, 2007) and Australia 
(AS/NZS, 2005). These specifications provide the basic rules and procedures to be 
followed in the design analysis of CFS sections and cover a number of aspects of CFS 
design. Figure  1.3 shows the numbers of papers published since 1980. The data are 
obtained from the literature search using Scopus. The growing of research papers on 
CFS highlights the importance and potential of the CFS.  
 
 
Figure  1.3 Previous published literature on CFS members up to August, 2014 
 
As one of the important applications of the CFS is the use in buildings as structural 
members, fire safety of CFS members is an important issue, which is required to 
consider in the design stage in most countries. Although steel does not contribute fuel to 
a fire, the mechanical properties such as yield strength and elastic modulus reduce 
dramatically at elevated temperatures. In order to reach the required fire resistance, fire 
protection is always provided to CFS members to reduce the temperature increase in 
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fire. However, the buckling behaviour of a CFS member gets more complicated due to 
the unclear temperature field. If the temperature distribution in a member is uniform, the 
buckling behaviour of the member can be analysed based on uniformly reduced material 
properties. However, if the temperature distribution in a member is not uniform, which 
usually happens in walls and/or roof panels when CFS members are protected by plaster 
boards and exposed to fire on one side, the temperature-dependent material properties 
vary within the member. Together with the thermal bowing effect caused by various 
thermal expansions on the member, the structural analysis could be very complicated.  
 
Using CFS members in building structures has been facing challenges due to the lack of 
knowledge to the fire performance of CFS at elevated temperatures and the lack of fire 
design guidelines. Among all available design specifications of CFS, EN1993-1-2 is the 
only one which provided design guidelines for CFS at elevated temperatures, which, 
however, is based on the same theory and material properties of hot-rolled steel. Since 
the material properties of CFS are found to be considerably different from those of hot-
rolled steel (Chen and Young, 2007b; Kankanamge and Mahendran, 2011), the 
applicability of hot-rolled steel design guidelines into CFS needs to be verified. Also, as 
most CFS members fall in the Class 4 cross-section, the limiting temperature method 
recommended in EN1993-1-2 using a limit temperature of 350 
o
C will be too 
conservative (Gunalan and Mahendran, 2013a; Kankanamge and Mahendran, 2012; Lu 
et al., 2007). Furthermore, the effect of non-uniform temperature distribution on the 
buckling behaviour of CFS members is not properly addressed in literature and has not 
been specified in the existing design guidelines. Therefore, an appropriate design 
method is urgently on demand in order to further explore the potential application of 
CFS.   
 
Research on the fire analysis of CFS sections started only about 10 years ago. Figure  1.4 
shows a growing of research papers related to the fire analysis of CFS members in 
recent years. It should be noted that the fire has two-fold influence on the analysis of 
loaded CFS members. One is the reduced mechanical properties of CFS at elevated 
temperatures and the other is the thermal strains which can lead additional stresses in 
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loaded members. If the temperature induced by a fire is not uniform in a loaded 
member, the analysis of the member becomes very complicated. This is because the 
mechanical properties such as Young’s modulus and yield strength are all temperature-
dependent. In this case the classical theory of beams cannot be directly applied because 
the neutral axis of the beam is dependent not only on the geometry of the section but 
also on the distribution of mechanical properties. Similarly, the geometrical shear centre 
may also not be the real shear centre because of the effect of non-uniform distribution of 
mechanical properties. This makes a further difficulty in dealing with the torsional and 
lateral-torsional buckling of CFS beams.  
 
 
Figure  1.4 Previous published literature on the fire analysis of CFS members up to 
August, 2014 
 
The survey of literature shows that most of existing research works on CFS is based on 
the assumption of uniform temperature. This kind of simplified approaches may be 
acceptable for CFS members that are not protected or protected uniformly in all sides of 
the member. When a member is not uniformly protected then the temperature in the 
member will not be uniform. In this case the behaviour of the member will be 
significantly different from that of the member with uniform temperature. This is the 
subject that is addressed in this thesis.   
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 Research scope and objectives  1.3
Although considerable research has been done on the fire buckling performance of CFS 
compression members in internal wall panels which are protected by gypsum boards on 
both flange sides, there is a relative lack of research on the fire performance of external 
CFS members used in roof and/or external wall systems, which are only protected on 
one side and exposed to ambient on the other. The work undertaken in this thesis will 
therefore have the aim of providing better understanding of the buckling performance of 
partially protected CFS channel members at elevated temperatures. Both axially and 
transversely loaded members are to be studied, which are named as CFS columns and 
beams respectively. The primary objective is to provide a reliable research method to 
investigate the fire performance of CFS members, in the aspects of pre-buckling stress 
distribution, elastic buckling and nonlinear ultimate failure behaviour. The specific 
objectives are listed as follows:  
 
 To conduct numerical heat transfer analysis to obtain the temperature 
distributions of one-side protected CFS members.  
 
 To develop an analytical model for the pre-buckling stress analysis of CFS 
members at elevated temperatures.  
 
 To develop a simplified calculation method to investigate the flexural buckling 
failure of internal CFS members subjected to compression in fire.  
 
 To carry out elastic buckling analysis of one-side protected CFS members at 
elevated temperatures.  
 
 To develop nonlinear ultimate failure modelling of one-side protected CFS 
beams under elevated temperatures.  
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 To study the influence of span lengths, sectional dimensions, stress-strain 
relationship and temperature distributions on the buckling behaviour of CFS 
beams in fire. 
 
 To review the current design methods for CFS beams when they are in fire.  
 
 Methodology  1.4
Various analytical and numerical methods are to be used in this thesis to suit different 
research objectives. In order to avoid tedious modelling and mesh procedure for each 
simulation, a second order elastic-plastic analysis is adopted to provide a simplified 
calculation method for axially loaded members. Two of the most commonly used 
numerical methods for conducting buckling analysis are the finite strip method (FSM) 
and the finite element method (FEM). Using FSM is easy and straightforward to get 
different buckling loads/modes, while it is quite complicated to take into consideration 
the nonlinear stress-strain relationship at elevated temperatures. Using FEM could solve 
the nonlinear buckling/ultimate failure loads easily, however extracting the various 
buckling loads/modes for designing purpose would be challenging. In order to 
understand both the elastic buckling and post-buckling failure performance, as well as 
to bridge the gap between research and design, both FSM and FEM are used in this 
thesis. The details of research methods used are revealed below:   
 
 Classical bending theory is used to conduct the pre-buckling analysis of CFS 
members subjected to axial and/or transverse loads when they are in fire.  
 
 Second order elastic-plastic analysis is used to develop simplified calculation 
methods of flexural buckling of CFS members subjected to compression at 
elevated temperatures.  
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 The Finite Strip Method (FSM) is used to develop a Matlab program to 
investigate the elastic buckling behaviour of CFS members at elevated 
temperatures.  
 
 The Finite Element Method (FEM) is used to carry out heat transfer analysis to 
get the temperature distributions, and to conduct nonlinear analysis to 
investigate the ultimate failure of CFS beams in fire.  
 
 The design guidelines based on Direct Strength Method (DSM) are examined.  
 
 Outline of the thesis  1.5
The objectives of the research are pursued through a combination of analytical and 
numerical approaches. The thesis is organised in seven chapters. This chapter (Chapter 
1) gives a general introduction to the research background of CFS at elevated 
temperatures, followed by a list of research objectives.  
 
Chapter 2 provides a detailed literature review of the performance of CFS members, 
including fire behaviour and thermal response of CFS members, mechanical properties 
of CFS, buckling behaviour of CFS members at ambient and elevated temperatures, 
buckling analysis methods, and available design guidelines. The knowledge gap and 
context for the contributions of this research are also presented at the end of this 
chapter.  
 
Chapter 3 presents the heat transfer analysis of CFS members to investigate the 
temperature distribution in one-side protected members. The effect of dimensional 
scales is covered in this chapter.  
 
Chapter 4 reports the first- and second-order analyses of CFS members subjected to 
compression to examine the flexural buckling behaviour of CFS members subjected to 
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compression under non-uniform temperatures. The first-order analysis provides a 
simplified calculation method of the elastic flexural buckling load and pre-buckling 
stress distributions of CFS members, and the second-order elastic-plastic analysis 
provides a simplified method to determine the ultimate failure load of laterally restricted 
CFS members in fire.  
 
Chapter 5 shows the development of a Matlab program based on FSM to investigate the 
elastic buckling behaviour of CFS members at elevated temperatures. The effects of 
temperature on both strain and mechanical properties are included in the code. Both 
linear and nonlinear temperature distributions are considered and the corresponding 
effects on the critical buckling load are discussed. The thermal bowing effect on the 
buckling loads of CFS members subjected to compression and the effects of lateral 
loading on the buckling moments of CFS members subjected to bending are examined 
in this chapter.  
 
Three-dimensional nonlinear FEA models of CFS beams at elevated temperatures are 
constructed in Chapter 6. The FEA results are validated using published experimental 
and numerical data. Particular emphasis is given to the effects of member lengths, 
geometric imperfections, material models and nonlinear temperature distributions on the 
ultimate failure load of CFS beams. The comparison of the buckling load of CFS beams 
between FEM and the current design guidelines is also included in this chapter.  
 
Chapter 7 summarizes the main findings of the study and the conclusions of the work in 
this thesis. Recommendations for possible future research are also outlined there.  
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CHAPTER 2 – LITERATURE REVIEW 
 
 Buckling modes of CFSs 2.1
Since CFS members are formed by folding a flat plate into a section, it is reasonable 
that they may buckle either locally, like the buckling of the plate if the member is very 
short, or globally, like the buckling of the strut if the member is long. In addition, 
distortional buckling mode may happen in a thin-walled member with an open cross 
section. These three main buckling modes are to be introduced in the following sections. 
Apart from these three main buckling modes, the interactions between them may also 
exist in a member. The real buckling mode could be obtained by the widely used Finite 
Strip Method (Schafer, 1997) or Generalised Beam Theory (Basaglia et al., 2011), 
which are to be addressed in a following section in this chapter.  
 
2.1.1 Local buckling 
Local buckling is a mode involving individual plate flexure without transverse 
deformation of longitudinal edges of the cross-section (Hancock, 1997), as shown in 
Figure  2.1. The reason why it is called local buckling is that the half-wave length is 
similar to the dimensions of the cross-section rather than the length of the structural 
member. When a member buckles locally, it usually does not mean that the member 
will lose its load carrying capacity. Since the deflections due to buckling are 
accompanied by stretching the middle surface of the plate, local buckling has a high 
post buckling range. To evaluate the post-buckling load-carrying capacity of a plate, 
Winter (1968) has proposed a method by considering the reduced effective width of the 
plate, which has been well known as the Effective Width Method (EWM) and widely 
used in most design rules.  
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(a)     (b) 
Figure  2.1 Local buckling modes. 
 (a) Compression members. (b) Pure bending members 
 
2.1.2 Distortional buckling 
Distortional buckling happens only in open cross-section members. The shape of the 
cross-section changes in distortional buckling due to the rotation of flanges at the 
flange-web junctions of the members (see Figure  2.2). The half-wavelength of 
distortional buckling is typically several times larger than the largest characteristic 
dimension of the section (Li, 2004), which falls between local buckling and flexural or 
flexural torsional buckling. Usually, members with narrow flanges fail by local buckling 
mode since the web is relatively slender and buckles locally first, while members with 
wide flanges buckle distortionally. However, by introducing the stiffeners to the web, 
narrow flange members can also buckle distortionally (Ranawaka, 2006). Furthermore, 
distortional buckling usually has less post-buckling capacity than local buckling mode 
(Hancock et al., 1994; Schafer and Peköz, 1999). Although distortional buckling has 
received considerable attention in the last decades, its interaction with local or lateral-
torsional mode has not yet been fully understood (Basaglia et al., 2009).  
 
  
(a)    (b) 
Figure  2.2 Distortional buckling modes.  
(a) Compression members. (b) Pure bending members 
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2.1.3 Lateral-torsional buckling 
The lateral-torsional buckling is a mode in which individual cross-sections rotate and 
translate but do not distort in shape and is characterised by rigid body movements of the 
whole member (Li, 2004) (see Figure  2.3). The half-wave-length of the flexural mode is 
the largest among the buckling modes, which is equal to full column length if it is pin-
ended and half of the full length if it is fixed-ended (Ranawaka, 2006).  
 
  
(a)    (b) 
Figure  2.3 Lateral-torsional buckling modes.  
(a) Compression members. (b) Pure bending members 
 
 Previous literature on buckling performance of CFSs at ambient temperature 2.2
Local buckling behaviours of CFS members have been studied by many researchers. A 
detailed nonlinear analyses of CFS channel section columns were presented by 
Rasmussen and Hancock (1992), in which the CFS channel section columns were 
treated as beam-columns having nonlinear constitutive relationships derived from local 
buckling. In late, another study (Rasmussen and Hancock, 1993) emphasised the 
differences between the behaviour of fixed-ended and pin-ended CFS channel sections, 
in which it demonstrated that local buckling induces bending of pin-ended channel 
sections but not of fixed-ended channel sections.  
 
In addition to local buckling, a theoretical method based on spline finite strip buckling 
analysis has been conducted by Lau and Hancock (1990), to predict the inelastic 
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distortional buckling strengths of thin-walled members. Silvestre and Camotim (2004b; 
2004a) derived an analytical method, which is also well-known as GBT, to estimate the 
distortional critical lengths and bifurcation stress resultant in CFS C- and Z-section 
members acted by arbitrary applied stress distributions and end support conditions. 
Lately, an analytical method was presented by Li and Chen (2008) and Li (2009) for 
predicting the critical stress of distortional buckling of CFS zed and sigma section 
members. Moreover, Silvestre and Camotim (2010) addressed clear definitions of cross-
section properties that characterise the distortional deformation, and it was found that 
the primary warping is the key factor which controls the distortion of thin-walled 
sections. 
 
Referring to the lateral-torsional buckling, Chilver (1956) firstly derived the basic 
differential equations of a torsional-flexural buckling problem by using the linear-elastic 
properties of the structure. The effects of non-uniform torsion, cross-section asymmetry, 
eccentric restraint as well as joint types of thin-walled members were presented by 
Baigent and Hancock (1982). Lately, Chu et al. (2004) presented an analytical model for 
predicting the lateral-torsional buckling of CFS channel section beams partial-laterally 
restrained by metal sheeting when subjected to an uplift load. Moreover, an analytical 
model was presented by Li et al. (2012) to address the bending and twisting behaviour 
of partially restrained CFS zed-purlins subjected to uplift loading. Currently the flexural 
and flexural-torsional buckling behaviour of CFS channel columns with pinned or fixed 
ends have been studied by (Gunalan and Mahendran, 2013b), in which it was found that 
the current design rules underestimated the flexural-torsional buckling capacities of the 
fixed ended columns with warping fixity, due to the fact that the beneficial effect of 
warping fixity was disregarded in design.  
 
 Current design methods of CFSs at ambient temperature 2.3
Currently the Effective Width Method (EWM) and the Direct Strength Method (DSM) 
are two basic design methods available in design specifications of CFS members. EWM 
has been widely adopted in the design guidelines including Eurocodes (EN1993-1-3, 
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2006), North American Specification (AISI, 2007) and Australian/New Zealand 
Standard (AS/NZS, 2005). DSM was proposed by Schafer and Peköz (1998a), which 
has been adopted in North American CFS Specification in 2004 (AISI, 2005) as an 
alternative method of EWM.  
 
The EWM was initially proposed by von Karman (1932) and was calibrated for cold-
formed steel by Winter (1947). It has been applied to calculate the post-buckling 
strength of a member by using reduced plate widths for each plate subjected to 
compression in a cross-section. A typical example of EWM for a channel section is 
shown in Figure  2.4. However, it should be noted that the interaction between elements 
is not taken into account since EWM considers each plate element separately. 
Therefore, the method is not accurate when sections become complex, or distortional 
buckling is dominant in the member. Moreover, the calculation of the effective widths 
could be very much tedious for a complex cross-section, for example, a cross-section 
with many intermediate stiffeners.  
 
 
(a)     (b) 
Figure  2.4 Effective cross-sections by EWM. (a) Columns. (b) Beams. 
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To overcome this problem, Schafer and Peköz (1998a) developed the DSM which is 
based on the gross cross-section. For any cross-section of a member, it is assumed the 
design strength could be determined by using elastic buckling loads/moments and the 
yield strength of the cross-section. DSM does not require the time-consuming effective 
width calculations, but including the interaction between different buckling modes, 
which make it greatly attractive compared with EWM.  
 
Note that the critical loads of local, distortional and lateral-torsional buckling of a 
member are not the real failure load of the member. The real failure load may be smaller 
or sometimes larger than the critical buckling load, depending on the type of its post-
buckling path. For example, the post-local buckling path for most CFS members is 
usually stable and therefore the failure load related to the local buckling is usually 
greater than its critical load; whereas for distortional buckling and lateral-torsional 
buckling, their post buckling paths are often unstable and therefore their failure loads 
are smaller than their corresponding critical loads. Figure  2.5 shows the design load 
(failure load) curves corresponding to the critical load curves of local, distortional, and 
global buckling for typical CFS members (AISI, 2007). The design loads (failure loads) 
can be calculated based on the imperfections and postbuckling behaviours of the 
members (Schafer and Peköz, 1998b).  
 
 
Figure  2.5 DSM design curves (AISI, 2007) 
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 Analysis methods of CFSs at ambient temperature 2.4
To study the buckling behaviour of CFS members, various research methods have been 
involved, including analytical methods, numerical methods and experimental methods. 
Generally, experiments are expensive and their results are limited to the specific 
situations that have been tested. Numerical methods are more widely used due to the 
advantages of less expense and fairly accurate output. However, numerical methods are 
generally time consuming and also limited to dimensional scales. Although an 
analytical method is ideal to achieve theoretical results and provide a general trend of 
variation, it is rather difficult to find analytical solutions for most cases. Therefore semi-
analytical methods, which are derived based on structural mechanics and solved by 
mathematically simplified methods, have been developed by some researchers (Basaglia 
et al., 2009; Hancock et al., 1990; Lau and Hancock, 1986; Pi and Bradford, 2008; 
Schardt, 1994) aiming to provide reasonable results while taking less computing effort. 
The well-developed and widely used simplified methods are Generalised Beam Theory 
(GBT) and Finite Strip Method (FSM), which are to be introduced in the following 
sections.  
 
2.4.1 GBT 
The Generalised Beam Theory (GBT) is an extension to the conventional bar theory that 
allows cross-sectional deformation to be considered. The member displacement field is 
expressed as a linear combination of cross-sectional deformation modes with 
amplitudes varying along the member length (Silvestre and Camotim, 2004a). Since the 
cross-sectional deformation modes play a fundamental role in the structural analysis, it 
is of great importance to determine mechanical/mathematical reasonable deformation 
fields.  
 
GBT was originally developed by (Schardt, 1994), and then extended by (Davies and 
Leach, 1994) to first-order GBT to analyse distortional behaviour of CFS members, and 
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second-order GBT (Davies et al., 1994) to consider geometric nonlinearity. A particular 
advantage of GBT is to allow individual buckling modes to be isolated and considered 
either separately or in selected combinations (Davies and Jiang, 1998).  
 
The application of GBT has been extended dramatically when the first version of GBT-
based code GBTUL (Bebiano et al., 2008) was published, which provided a 
computational implementation and deformation mode families with clear mechanical 
meanings. However, the first version of GBTUL is only applicable to single span 
members with open cross-section subjected to transverse loads at the shear centre, 
(Bebiano et al., 2013) released the second version of GBTUL, in which a more 
systematic deformation mode family and pre-buckling stress distributions are included, 
as well as arbitrary boundary conditions.  
 
2.4.2 FSM 
The Finite Strip Method (FSM) is based on the same methodology of the Finite Element 
Method (FEM). The only difference is the discretization along the longitudinal 
direction. In FSM interpolation functions are only used within the cross-section of the 
prismatic member, and one single element (strip) is applied to model the longitudinal 
displacement field through a shape function. Therefore FSM has the advantage of fewer 
degrees of freedom and requiring less computing time and memory compared with the 
FEM. However a careful choice of the shape function for the longitudinal displacement 
field is of great importance. The FSM can deal with nonlinear analysis but it may not be 
efficient and not particular suitable to deal with material nonlinearity or collapse type 
problems (Friedrich, 2000). 
 
The FSM was firstly proposed by Cheung (1976) and was promoted by Lau and 
Hancock (1986) and Schafer (1997) to predict buckling behaviour of CFS members. A 
few computer programs have been published based on the FSM, for example, Thin-
Wall (Kwon and Hancock, 1991) and CUFSM (Schafer, 1997). However, Thin-Wall 
(Ranawaka, 2006) examines only the simply supported end conditions for columns, 
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while the new version of CUFSM (Li and Schafer, 2010) is able to deal with arbitrary 
boundary conditions.  
 
 Fire behaviour and effects on CFS members 2.5
2.5.1 Behaviour of natural fires 
The development of a compartment fire could be divided by three phases: namely pre-
flashover (also known as growth period), post-flashover (fully developed fire) and 
decay period (Purkiss and Li, 2013). The pre-flashover stage is often ignored in the 
calculations of the compartment temperature-time response since the overall effect on 
the compartment temperature is small, even though the pre-flashover period can be long 
compared to the subsequent stages of a fire. Flashover occurs when fire spreads to all 
the available fuel within the compartment, such as furniture, clothes, electronic 
equipment, etc.. The temperature rises dramatically throughout the compartment after 
flashover. During the post-flashover, structural elements are exposed to the worst 
effects of the fire, and the collapse or loss of integrity is likely to happen. Once the rate 
of temperature rise reaches a peak, the fire continues into its decay phase. Since then the 
temperature in the compartment starts to decrease as the rate of fuel combustion 
decreases (see Figure  2.6). Due to the thermal inertia, the temperature in the structure 
will continue to increase for a short while in the decay period.  
 
 
Figure  2.6 Phases of a fully developed fire (Purkiss and Li, 2013) 
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The standard fire curve is the well-known and most widely used method of estimating 
temperatures in building fires. It assumes that the temperature in a fire compartment is 
uniform, and it increases indefinitely with time according to a logarithmic relationship 
(see Figure  2.6). However, there are notable shortcomings in the standard fire curve 
such as the lack of a cooling phase and no consideration of any of the physical 
parameters that govern fire behaviour (Wang et al., 2012).  
 
In order to overcome the limitations of the standard fire curve, Eurocode EN1991-1-2 
introduces parametric fire curves which are based on Wichkström’s model (1981). 
Nevertheless, the restriction on the size of fire compartment considerably limits its 
application since it is based on the assumption of uniform temperature. The local 
cooling and travelling nature of fires in large compartments could not be captured in the 
parametric fire curves. Zone modelling or computational fluid dynamics (CFD) models 
are therefore usually used to deal with the fire temperature assessment in a large 
compartment.  
 
2.5.2 Thermal response of structures 
The analysis of temperature response in a structural member can be subdivided into two 
parts (Purkiss and Li, 2013). One is the heat transfer across the boundary from the 
furnace or fire into the surface of the structural member via a combination of convection 
and radiation, which is usually treated as boundary conditions, and the other is heat 
transfer within the structural member through conduction, which is treated as a 
governing equation expressed by Fourier equation of heat transfer as follows:  
  Q
t
c 





  ( 2.1) 
where ρ is the density, c is the specific heat, θ is the temperature, t is the time, λ is the 
thermal conductivity, and Q is the internal heat generation rate per unit volume.  
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Eq. ( 2.1) is the heat conduction equation which could be solved by given an initial 
condition and appropriate boundary conditions. The boundary conditions may fall in the 
following forms: 
 
 Heat flow surface 
The surface of the structural member is exposed to a fire or ambient, on which the heat 
transfer involves both convection and radiation, although radiation component is 
generally more dominant after the very early stages of a fire. The net heat flux to the 
surface of the structural member is 
rnetcnetnet
hhh
,,
 
  ( 2.2) 
in which 
cnet
h
,
  is the net convective heat flux per unit surface and 
rnet
h
,
  is the net radiative 
heat flux per unit surface.  
 
 No heat-flow surface 
The surface is a thermal symmetric plane or has a large degree of insulation and thus it 
could be assumed no heat flow. The net heat flux to the surface of the structural member 
is  
0
net
h
  ( 2.3) 
 
 Fixed temperature surface 
The surface temperature of the structural member is specified as a constant or a function 
of a boundary coordinate and/or time.  
)(t
m
 
  ( 2.4) 
where θ(t) is the prescribed temperature at the boundary.  
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For most thermal analyses it is very difficult to find analytical solutions. Numerical and 
experimental methods therefore have been widely used in fire analysis (Feng et al., 
2003b; Kontogeorgos et al., 2012; Shahbazian and Wang, 2013).  
 
2.5.3 Material properties of CFSs 
A wise choice of material properties is fundamental for the heat transfer and structural 
analysis of CFS members. This section therefore lists the main material properties of 
CFS and the variation at elevated temperatures.  
 
 Specific heat 
The specific heat capacity is the amount of energy that the material needs to raise unit of 
temperature for unit mass. EN1993-1-2 (2005) gives equations of specific heat for 
carbon steels which are also generally used for CFS, as shown in Figure  2.7. However it 
has been found there is a discontinuity at about 735 
o
C due to the crystal structure phase 
change (Wang et al., 2012). In simple calculations a constant value of 600 (J/kg∙oC) has 
been sometimes recommended (Purkiss and Li, 2013). The detailed equations of 
specific heat could be found in (EN1993-1-2, 2005), which therefore is not displayed 
here.  
 
 
 
Figure  2.7 Specific heat of steels at elevated temperatures (adopted from EN1993-1-2, 
2005) 
 
 Thermal conductivity 
Thermal conductivity is the property that measures the rate at which heat is conducted 
through the material. The value of thermal conductivity is found to vary with 
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temperature (EN1993-1-2, 2005), as shown in Figure  2.8. A constant value of 45 
W/m∙K however has been commonly used for simplification, which has been found 
conservative when temperature exceeds 300 
o
C.  
 
 
 
Figure  2.8 Thermal conductivity of steels at elevated temperatures  
(adopted from EN1993-1-2, 2005) 
 
 Thermal expansion 
In simple structural analysis the thermal expansion is neglected sometimes, which 
however is greatly necessary in the structural analysis under non-uniform temperatures 
due to the thermal bowing effect. EN1993-1-2 (2005) presents the thermal elongation 
curve as shown in Figure  2.9, of which the slope shows the thermal expansion 
coefficient. However, in EN1994-1-2 the thermal elongation is presented linearly with a 
slope of 1.4×10
-5
 (1/
o
C), which is commonly used in structural analysis for 
simplification.  
 
 
 
Figure  2.9 Thermal elongation of steels at elevated temperatures  
(adopted from EN1993-1-2, 2005) 
 Yield strength 
 
Figure has been removed due to Copyright restrictions. 
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EN1993-1-2 (2005) provides reduction factors of the yield strength of CFS at elevated 
temperatures, as shown in Figure  2.10. However, one has experienced same reduction 
factors of CFS and hot-rolled steels under high temperatures although it has been aware 
the mechanical properties of CFS and hot-rolled steels are different due to the effect of 
manufacturing process. Moreover, the steel grades are not distinguished in the reduction 
factors. Therefore further verification need be considered on the yield strength of CFS at 
elevated temperatures.  
 
Outinen and his colleagues (1999; 2000) have tested the mechanical properties of 
various structural steels at elevated temperatures, in which considerable difference was 
shown on the yield strength of structural steel S350GD+Z and steel grades S335 and 
S460. Chen and Young (2006; 2007b) have tested the mechanical properties of CFS, 
from both the flat and the corner parts of CFS sections, at elevated temperatures up to 
1000 
o
C. It was shown that steel grades had more effect on the reduction factors than the 
flat or corner parts which the specimens were made from. More tensile coupon tests 
(Kankanamge and Mahendran, 2011; Lee et al., 2003; Ranawaka and Mahendran, 
2009a) have been carried out by Mahendran’s research group in Queensland University 
of Technology, which have shown a clear difference on the reduction factors of yield 
strength between different steel grades rather than the different thickness. It is also 
stated that to use yield strength according to high strain levels is not safe and 0.2% and 
0.5% proof stresses are recommended as the yield strength at elevated temperatures. 
The reduction factors of yield strength adopted from literature are summarised in 
Figure  2.10.  
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Figure  2.10 Reduction factors of 0.2% proof yield strength at elevated temperatures 
 
 Elastic modulus 
The reduction factors of elastic modulus of CFS at elevated temperatures are plotted in 
Figure  2.11 based on the data obtained from literature. It is concluded that the reduction 
factors of elastic modulus is usually irrelevant with the thickness and steel grades. 
Furthermore, the CFS at the corner part shows a similar elastic modulus as that at the 
flat part at elevated temperatures (Chen and Young, 2006).   
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Figure  2.11 Reduction factors of elastic modulus of CFS at elevated temperatures 
 
 Ultimate strength 
Reduction factors of the ultimate strength of CFS shown in Figure  2.12 reveal that it is 
the steel grade rather than the thickness which affects the ultimate strength significantly 
(Chen and Young, 2007b; Kankanamge and Mahendran, 2011).  
 
 Ductility 
It has been found that higher strength steel holds lower ductility, due to the heavy strain 
hardening in the cold-working manufacture (Chen and Young, 2007b). Likewise, the 
CFS corner coupon test has lower ductility than the flat part at ambient temperature 
(Chen and Young, 2006). The ductility decreases slightly in the early stages of a fire, 
and both low- and high-strength steels show the lowest ductility around 200 
o
C due to 
the chemical reactions (Ranawaka and Mahendran, 2009a). However, when the 
temperature is higher than 200 
o
C, both low- and high-strength steels show a significant 
increase of ductility with the rise of temperature, which indicates that lack of ductility is 
not a concern of CFS at elevated temperatures (Kankanamge and Mahendran, 2011).  
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Figure  2.12 Reduction factors of ultimate strength of CFSs at elevated temperatures 
 
 Stress-strain relationship 
EN1993-1-2 (2005) gives a standard stress-strain relationship of both reinforcing and 
structural steels for structural fire design (shown in Figure  2.13). The curve is divided 
into several ranges: a linear range from the origin to the limit of proportionality (εp,θ and 
fp,θ), an ellipse curve from the proportional limit to the yield point (εy,θ which is taken as 
2% and the corresponding fy,θ), a linear line from the yield point to the ultimate stress 
(εs,θ and fu,θ), a horizontal plateau runs till the strain limit εt,θ, which is taken as 15%, and 
a decline line representing the final fracture process. The final strain εu,θ is taken as 
20%, representing fracture (Wang et al., 2012).  
 
It is worth noting that strain hardening is generally ignored when the temperature is 
higher than 400 
o
C since the effect is unobvious. Sometimes, for the safety purpose, the 
strain hardening is also ignored for all temperature ranges. Moreover, a linear elastic-
plastic stress-strain relationship, either with or without considering strain hardening, has 
been commonly used for CFS since the effect of nonlinearity is not significant due to 
the thin thickness. However, it has been realised that there is an increasing nonlinearity 
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of the stress-strain relationship of CFS under high temperatures (Kankanamge and 
Mahendran, 2011). It may be of importance to consider the nonlinear stress-strain 
relationship for a more reasonable structural response.  
 
 
 
Figure  2.13 Stress-strain relationship given in EN1993-1-2  
(adopted from EN1993-1-2, 2005) 
 
The stress-strain curve shown in (EN1993-1-2, 2005) has been commonly used in 
structural design of all steel grades. However, it has been experienced discontinuity on 
the rate of the gradient of tangent modulus at the points of the limit of proportionality 
and yield, although the stress and modulus values are continuous. This may cause 
unreasonable structural response in a performance-based fire analysis. Therefore, the 
nonlinear material model proposed by Ramberg-Osgood (1943) has been increasingly 
adopted to describe the stress-strain relationship of CFS at elevated temperatures (Chen 
and Young, 2006; 2007b; Kankanamge and Mahendran, 2011; Ranawaka and 
Mahendran, 2009a). The most recent study carried out by (Kankanamge and 
Mahendran, 2011) proposed the stress-strain model as follows,  
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  ( 2.5) 
in which εT is the strain corresponding to a given stress fT at temperature T, ET and fy,T 
are elastic modulus and yield strength respectively, and ηT and β are two parameters 
depending on steel grades.  
 
Since Ramberg-Osgood model does not have decline range, more attention should be 
paid to the structural analysis when high strain levels are anticipated (Wang et al., 
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2012). Taken into consideration of this shortcoming, Chen and Young (2007b) proposed 
a stress-strain relationship up to the ultimate strength, which is shown below,  
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in which εu,T is the strain corresponding to ultimate strength fu,T at temperature T, εy,T is 
the strain corresponding to yield strength fy,T at temperature T, and Ey,T is the elastic 
modulus at yield strength fy,T at temperature T. nT and mT are two parameters varying 
with temperature T.  
 
 Buckling performance of CFS at elevated temperatures 2.6
Considerable amount of work has been carried out on the buckling analyses of CFS 
members at elevated temperatures. This section is to discuss the fire performance of 
CFS members, with emphasis on the non-uniform temperature distributions. The 
literature is divided by research methods: experimental, numerical and analytical 
studies.  
 
2.6.1 Experimental studies 
A detailed description of an experimental study of the axial strength of CFS lipped 
channel sections, with or without service holes, were presented by Feng et al. (2003a), 
to study the local and distortional bucking behaviour under ambient and uniform high 
temperatures. It was found that the buckling modes of nominally identical steel columns 
differ all the time because of the initial imperfections, therefore the load-strain 
relationship could not be given accurately (Feng et al., 2003a). However, the load-axial 
deformation relationship was decided reliable, and was used to compare the numerical 
predictions in the companion paper (Feng et al., 2003d). Further, it was demonstrated 
that the service holes in lipped channels affected the load carrying capacity significantly 
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rather than the overall column axial stiffness since the buckling mode is influenced by 
the service holes, and this effect became more evidently at elevated temperatures.  
 
The local buckling behaviour of CFS channel columns under ambient and uniform high 
temperatures has been studied by (Lee, 2004) through experiments and numerical 
analysis, aiming to improve the knowledge and provide a more accurate design method 
for CFS members at elevated temperatures. In Lee’s study a modified EWM was 
proposed for high strength unstiffened members as the current design method was 
shown inadequate for high strength steel compression members.  
 
Eight full-scale CFS wall panels were tested by Feng and Wang (2005a), which showed 
that the failure mode was local buckling around the top service hole or flexural bucking 
about the major axis at ambient temperature, whereas it changed to overall flexural-
torsional buckling about the major axis under the standard fire condition. The 
temperature developments of panels were also included in the paper. It was shown that 
the temperatures were critically affected by the performance of the interior insulation 
material, rather than the applied loads in the panel. It is also concluded that the 
thickness of steel sections affected the panel failure time of the channel considerably.  
 
Ranawaka and Mahendran (2009b) conducted detailed experimental studies to 
investigate the distortional buckling behaviour of compressed CFS lipped channel 
members (shown in Figure  2.14), under uniform high temperatures up to 800 °C. The 
ultimate loads, failure modes and load-deformation curves were presented in the paper. 
It was shown that the design methods in AS/NZS 4600 and the DSM were accurate at 
ambient temperature, but further investigation need be undertaken for the cases at 
elevated temperatures. 
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Figure  2.14 Cold formed steel sections used in experiments in  
(Ranawaka and Mahendran, 2009b). 
 
To better understand the fire performance of CFS wall panel systems, the effect of the 
different insulation materials and insulation methods have been studied by Gunalan et 
al. (2013). It was found that the CFS wall systems with external insulation between 
plasterboards provided higher fire resistance than the conventional internal cavity 
insulated wall systems. The fire performance of CFS wall panels lined with various fire 
protection boards including gypsum plasterboard, bolivian magnesium board and 
calcium silicate board has been studied by Chen et al. (2012; 2013). It was found that 
the CFS wall system lined with bolivian magnesium board provided considerably better 
fire resistance than the traditional gypsum plasterboards, which therefore may be a 
promising replacement for gypsum plasterboards in CFS structures.  
 
The buckling resistance of CFS members subjected to compression at elevated 
temperatures has been investigated by many researchers. However, limited experimental 
studies could be found on the buckling behaviour of CFS beams in fire. (Laím et al., 
2009) carried out 1/3.5 model of CFS roof beam tests under ambient and high 
temperatures. One test was on the unprotected beam, while the other was protected by 
intumescent paint. It was shown that the fire resistance of unprotected CFS beam was 
rather critical, while the intumescent paint did not increase the fire resistance of the CFS 
roof beam significantly. The use of other fire protection methods, such as composite 
CFS and concrete system, or the fire protection systems of OSB and gypsum boards 
were recommended by the authors. Recently, Laím et al. (2014) have carried out 
another experimental study on the buckling resistance of CFS beams in fire. Channel 
section and compounded lipped I-, R- and 2R-section beams were tested under various 
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boundary conditions. It was found that the critical temperature of all simply supported 
beams went up to about 700 
o
C, which is much higher than the recommended 
temperature limit given in EN1993-1-2 (2005). Therefore a demand of an accurate 
design guideline has been raised in order to extend the use of CFS. 
 
Through the experimental work presented above it has been revealed that the buckling 
behaviour of CFS members subjected to compression at elevated temperatures have 
been well investigated while more attention should be paid to the fire performance of 
CFS beams, especially those with short or intermediate member lengths.  
 
2.6.2 Numerical studies 
The effect of initial imperfections on the flexural buckling and ultimate strength of CFS 
channel columns was studied by (Kaitila, 2002) by using FEA methods. It was found 
that the magnitude of local imperfections has an effect on the compression stiffness, 
while the magnitude of global flexural imperfections has more influence on the ultimate 
strength.  
 
The buckling capacity of CFS channel columns under uniform temperatures (Feng et 
al., 2003d) and non-uniform temperatures (Feng et al., 2003c) has been studied by Feng 
et al, aiming to assess the applicability of the current design methods and provide a 
hand calculation design method of CFS columns based on EWM.  
 
The behaviour and design of CFS lipped channel columns with fixed ends at elevated 
temperatures were studied by Chen and Young (2007a) using FEA methods. The 
predicted strengths were compared with the design strengths using the EWM and DSM. 
It was showed that the design methods were able to predict the CFS lipped channel 
column strengths at elevated temperatures.  
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A FEA model was developed by Kankanamge and Mahendran (2008), to simulate the 
lateral-torsional buckling behaviour of simply supported CFS lipped channel section 
beams under uniform moment conditions and elevated temperatures. The initial 
imperfection and the flexural residual stress distribution were considered in the model. 
The suitability of current design guidelines for lateral-torsional buckling moment 
capacity was investigated, and it was concluded that neither design codes could predict 
the moment capacities of CFS beams subjected to lateral torsional buckling accurately.  
 
Lately, the FEA models of the tested compression members were developed (Ranawaka 
and Mahendran, 2010) to simulate the distortional buckling and strength behaviour at 
ambient and elevated temperatures up to 800°C. The validated model was used to 
investigate the effect of different types of distortional buckling mode, initial geometric 
imperfections, residual stresses and mechanical properties. It was found that the 
ultimate load of a CFS compression member decreased rapidly when the initial 
geometric imperfections were introduced, but it did not further decrease obviously as 
the geometric imperfection increased. Moreover, the geometric imperfection shape 
governed the failure mode of the specimen, but did not affect the ultimate load 
significantly. 
 
The lateral-torsional buckling behaviour of CFS beams under uniform temperatures has 
been studied by Kankanamge and Mahendran (2012). The comparison of their results 
with the design resistance given by EN1993-1-2 (2005) showed that the design method 
presented in EN1993-1-2 is over-conservative for most members except very slender 
members. It was also recognized that the moment capacity data were scattered in the 
intermediate slenderness range and therefore separate buckling curves are needed for 
different elevated temperatures in order to give accurate design prediction.  
 
Shahbazian and Wang (2011b; 2011a; 2012) carried out FEA numerical studies on the 
local, distortional and global buckling performance of CFS channel columns at elevated 
temperatures aiming to assess the applicability of DSM at elevated temperatures. It was 
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found that the DSM buckling curves at ambient temperatures could be used for the CFS 
design at uniform temperatures directly, but modifications are needed when the 
temperature distributions are non-uniform.  
 
Gunalan and Mahendran (2013a) carried out numerical analysis of CFS internal wall 
systems exposed to fire on one side. It was found that structurally similar studs fail at 
the same hot flange temperature regardless of the types of insulation. The effect of 
insulation is only to delay the time to reach the critical temperature in the CFS member.  
 
Laím et al. (2013) carried out the numerical simulation of CFS beams with channel 
section and compounded lipped I-, R- and 2R-sections under uniform temperatures. It 
was shown that the C- and lipped I- section members would buckle lateral-torsionally 
while the R and 2R cross-section beams to buckle distortionally. Some other cross-
sections such as lipped U profile and sigma profile cross-sections were suggested by the 
authors to improve the structural behaviour of CFS beams.  
 
2.6.3 Analytical studies 
Uy and Bradford (1995) developed an inelastic semi-analytical FSM to analyse the local 
buckling behaviour of CFS plates of composite steel-concrete structural elements at 
elevated temperatures by reducing the elastic modulus and yield strength of steel plates.  
 
A simplified calculation method was presented by Feng and Wang (2005b) to predict 
lateral deflections and failure times of CFS channel columns at elevated temperatures, 
in which the effects of thermal bowing deflection and shift of neutral axes were studied. 
It was found that the thermal bowing deflection had substantial effect on the fire 
resistance of steel panels with non-uniform temperature distribution across the sections. 
However, the effect of magnified thermal bowing deflections seems less obvious, due to 
the conservative assumptions used in the calculation model. It was also concluded that 
the neutral axis shift of the major axis had negligible effect on the failure position of the 
column.  
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Lately, Heidarpour and Bradford carried out the local buckling analysis of flange 
outstands (Heidarpour and Bradford, 2007) and I-section beam webs (Heidarpour and 
Bradford, 2008) at elevated temperatures using spline FSM (see Figure  2.15). The 
sensitivity analysis was also undertaken in order to propose plasticity and yield 
slenderness limits at elevated temperatures.  
 
 
 
Figure  2.15 The beam web subjected to combination of bending, compression and shear 
strains at elevated temperatures (Heidarpour, A. and Bradford, M., 2008) 
 
A virtual work formulation that enables the elevated temperature response of a steel 
beam with arbitrary regimes of temperature loading and translational and rotational 
restraint (see Figure  2.16) was presented by Bradford et al. (2008) to determine the pre-
yielded range of structural response. However, the buckling response was not addressed 
in their paper.  
 
Lately, a non-discretisation semi-analytical formulation of a generic steel cross-section 
subjected to an arbitrary thermal profile (see Figure  2.17) was presented by Heidarpour 
and Bradford (2009), in order to develop a generic nonlinear modelling of an isolated 
steel beam, restrained at its two ends with translational and rotational springs, in a 
compartment fire. After the validation of the model by using ABAQUS, a parametric 
study of a beam, subject to a linear thermal profile over the depth of cross-section, and a 
constant thermal profile along the length, was carried out. The influence of the axial and 
rotational stiffness of the end supports, which represent the semi-rigid joints, was 
investigated in the study.  
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Figure  2.16 General flexural member model used in (Bradford et al., 2008)  
 
 
 
Figure  2.17 A general steel beam subjected to typical distributed and thermal loads 
(Heidarpour and Bradford, 2009) 
 
 Design method of CFS members at elevated temperatures 2.7
Among all available design guidelines, only Eurocode 3 Part 1-2 (2005) provides design 
guidelines for CFS members at elevated temperatures, which, however, is based on the 
same theory and material properties as the hot-rolled steels. AS/NZS 4600 (AS/NZS, 
2005) and NAS (AISI, 2007) only give design rules for CFS members at ambient 
temperature. BS 5950 (BSI, 1990), now withdrawn, only provided design rules for hot-
rolled steels at elevated temperatures.  
 
Based on the available experimental and numerical studies of CFS members at elevated 
temperatures, many modifications have been proposed to the design methods in order to 
promote the potential applications of CFS. Feng and Wang (2005b) have presented a 
modified design method based on EN1993-1-3 (2001) to take into account the effect of 
the reduced mechanical properties and thermal bowing deflection at elevated 
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temperatures. Chen and Young (2007a) found that the EWM and DSM specified in 
(AISI, 2001) for CFS members at room temperature were also able to predict the CFS 
lipped channel column strengths under uniform temperatures. Kankanamge and 
Mahendran (2012) have found that EN1993-1-2 is over-conservative to calculate the 
lateral-torsional buckling resistance of most CFS beams under uniform temperatures 
except for the very slender members. It was also revealed that the moment capacity data 
were scattered in the intermediate slenderness range and therefore separate buckling 
curves are needed in order to give accurate design prediction for different elevated 
temperatures. Moreover, it has been found by a few researchers (Gunalan and 
Mahendran, 2013a; Kankanamge and Mahendran, 2012; Lu et al., 2007) that the 
temperature limit of 350 
o
C for CFS recommended in EN1993-1-2 was over 
conservative for CFS members in fire.  
 
Gunalan and Mahendran (2013c; 2013d) summarized and compared the accuracy of the 
currently proposed fire design rules of CFS columns based on AISI design manual 
(AISI, 2007) and Eurocode 3 (EN1993-1-2, 2005; EN1993-1-3, 2006). Some 
recommendations based on AS/NZS 4600 (2005), North American Specification (AISI, 
2007) and EN1993-1-2 (2005), considering the effects of thermal bowing, magnified 
thermal bowing and neutral axis shift, were also proposed in the paper.  
 
The AISI design manual and Eurocode 3 are both based on EWM, which requires 
tedious calculation of the effective area of the cross-section. Shahbazian and Wang 
(2011b; 2011a; 2012) have presented a design method based on DSM to calculate the 
buckling load of CFS columns under high temperatures. An “effective” squash load was 
proposed in their studies to consider the interaction of axial loading and thermal 
bending moment.  
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 Research findings and gaps 2.8
An extensive literature review on the buckling performance of CFS members has been 
presented in this chapter. The buckling modes, material properties, fire behaviour and 
existing studies in literature on buckling behaviour of CFS members have been 
included. Many valuable findings have been discovered in the literature as follows: 
 
The material properties of CFS are considerably different compared with hot-rolled 
steels due to the use of different manufacture processes. Since the CFS has experienced 
part strain hardening during manufacture, the yield strength of CFS is usually higher 
than hot-rolled steels at room temperature. However the ductility is worse than hot-
rolled steels. The yield strength of CFS reduces more remarkably than hot-rolled steels 
at elevated temperatures, and the reduction differs among steel grades, whilst the 
reduction of elastic modulus varies little with steel grades or thickness. Moreover, the 
ductility increases with increasing temperature when the temperature exceeds 200 
o
C. 
The stress-strain relationship is tending to be increasingly nonlinear with the rise of 
temperatures. Although EN1993-1-2 provides piecewise nonlinear stress-strain 
relationship of steels at elevated temperatures, it is found the Ramberg-Osgood model is 
slightly more convenient because of continuity on the gradient rate.  
 
Considerable experimental and numerical studies of CFS columns subjected to axial 
loading at elevated temperatures reveal that the initial imperfection significantly affects 
the buckling capacity of CFS columns under uniform temperatures, but it does not 
affect the members under non-uniform temperatures. The current design rules for CFS 
columns at ambient temperature could be directly used for CFS columns at uniform 
elevated temperatures, while modifications are necessary to extend the application to the 
design of CFS columns under non-uniform temperatures. It has been widely agreed that 
the thermal bowing effect influences the buckling performance of CFS members 
significantly under non-uniform temperatures.  
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There are very limited studies of buckling behaviour of CFS beams subjected to 
transverse loading/bending at elevated temperatures in the literature. What it shows is 
that the current design method needs to be modified to calculate the design capacity of 
lateral-torsional buckling of CFS beams. Based on the literature review there are still a 
lot of questions and/or problems for which further investigation is needed, particularly 
in the following aspects: 
 
 Numerical method based on FEA has been widely used in the performance-
based fire analysis of CFS members, which however is usually time consuming 
and limited to specific geometrical dimensions. Therefore a simplified 
calculation method which is able to deliver reasonable results but requires less 
computational effort would be helpful for both researchers and designers.  
 
 Most previous research works on CFS members under non-uniform temperature 
distributions are based on the members used in CFS internal wall panels, which 
are protected by gypsum plasterboards on both sides of the members. However, 
the fire performance of partially protected CFS members used in external wall 
and/or roof panels, which are usually protected by plasterboards on one side and 
exposed to ambient on the other, is not discussed in literature.  
 
 The eigenvalue analysis software CUFSM (Li and Schafer, 2010) based on the 
FSM has been widely applied to get the elastic buckling loads. However, since 
CUFSM was developed under ambient temperature, the effect of thermal 
expansion on the stress distribution and the shift of neutral axis under non-
uniform temperatures are not taken into account in the code. Although 
temperature-dependent material properties have been considered by Shahbazian 
and Wang (2011a), this simplified method may not be able to reveal the actual 
non-uniform stress-distribution on the cross section, as well as its effect to 
buckling performance of CFS members. Furthermore, one assumption of 
CUFSM is that the longitudinal stress is uniform along the member. However, 
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when the temperature distribution is not uniform, a parabolic thermal bending 
due to various thermal expansions within the cross-section, would be introduced 
to an axially loaded member. The longitudinal stress would therefore not be 
uniform, and further studies need be carried out to modify and extend the 
application of CUFSM to the calculation of elastic buckling loads of CFS 
members at elevated temperatures. 
 
 Conclusions 2.9
This chapter has presented a literature review on the buckling performance of CFS 
members. Most attention has been paid to the fire analysis of CFS channel section 
members, including material properties, experimental and numerical studies, as well as 
relevant design guidelines. Some important conclusions drawn from the literature are 
summarised as follows: 
 
 Material properties of CFS are considerably different from those of hot-rolled 
steels, which indicate that the fire design guidelines of hot-rolled steels need be 
carefully examined before they can be applied to CFS members.  
 
 Geometric imperfections and residual stress distributions are important to assess 
the buckling performance of CFS members under uniform temperatures, while 
their influence would be neglected on the buckling analysis of CFS members 
under non-uniform temperatures.  
 
 Thermal bowing effect, magnification of thermal bowing effect and shift of 
neutral axis affect the buckling performance of CFS members under non-
uniform temperatures significantly due to the thermal bending moment.  
 
 Simplified calculation method is required in future to develop the performance-
based design methods of CFS members at elevated temperatures.  
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 Further development on CUFSM is needed to conduct elastic buckling 
performance of CFS members at elevated temperatures to take into account the 
thermal bowing and non-uniform temperature effects, and to extend the 
application of DSM into CFS members’ fire design.  
 
 Apart from CFS members protected by plasterboards on both sides, the fire 
performance of one-side protected members which are widely used in external 
wall/roof systems need be studied.    
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CHAPTER 3 – THERMAL ANALYSIS OF PARTIALLY 
PROTECTED COLD-FORMED STEEL CHANNEL MEMBERS 
 
CFS sections utilised in buildings are usually protected by plasterboards or other fire 
resistant materials in order to increase their fire resistance. Thus, when they are exposed 
to a fire environment the temperature in CFS members will be much lower than the fire 
temperature. Depending on how the member is protected, the temperature in a CFS 
member may be treated as time-dependent or both time- and position-dependent. The 
former means that the temperature is uniformly distributed within the member although 
it may vary with time, while the latter means that the temperature within the member 
varies with both time and position.  
 
Uniform temperature distribution was commonly assumed in designing of CFS 
members, while it has been known that there is a large temperature difference on the 
cross-section (Ranawaka, 2006) when fire is exposed to one side of CFS members. 
Considerable amount of research (Feng et al., 2003b; Kolarkar, 2010; Shahbazian and 
Wang, 2013) has been carried out on the thermal analysis of CFS members in panel 
systems, which are usually used as internal walls in low- and mid- rise buildings. The 
wall panels are generally made of CFS lipped channel-section members lined with fire 
protection boards on both sides. However, there has been little research on the CFS 
members used in external panels, such as external wall systems or roof panels, which 
are fire protected on only one side, and exposed to ambient on the other side. The 
objective of this chapter is therefore to further conduct thermal analysis of CFS 
members used in external panel systems.  
 
Analytical approaches have been developed for calculating the uniform temperature in 
fire protected members using the concept of energy conservation (Purkiss and Li, 2013). 
For members with non-uniform temperature distribution numerical methods of heat 
transfer are normally used, in which the protected member and protection material are 
treated as a system for which the heat transfer analysis is conducted.  
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 Numerical modelling 3.1
For some simple structural members, if the fire scenarios are identical or very much 
similar along the longitudinal direction of the member, the temperature distribution can 
be assumed independent of the longitudinal coordinate. Therefore a two-dimensional 
heat transfer model can be used to conduct the thermal analysis.  
 
Consider a channel-section beam that is protected by plasterboard on its one side, as is 
shown in Figure  3.1. When a fire occurs underneath the plasterboard heat will transfer 
from the fire to the beam through the plasterboard. The actual temperature distribution 
in the beam can be calculated using the theory of heat transfer as follows,  
)( T
t
T
c 


   ( 3.1) 
where  is the density, c is the specific heat, T is the temperature, t is the time,  is the 
thermal conductivity. For the case where the fire is uniform along the beam length, the 
heat transfer can be treated as a two-dimensional plane problem within the cross-section 
of the beam. The boundary conditions of Eq. ( 3.1) can be expressed as follows, 
On the fire exposed surface: 
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On the ambient exposed surface: 
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On the symmetric plane: 
0


n
T
   ( 3.4) 
where n is the surface normal, g = 25 W/m
2
K is the coefficient of heat transfer by 
convection on the fire exposed surface (Purkiss and Li, 2013), a = 9 W/m
2
K is the 
44 
 
coefficient of heat transfer by convection on the ambient exposed surface (Purkiss and 
Li, 2013), Tg is the fire temperature in the vicinity of the fire exposed surface, Ta is the 
air temperature in the vicinity of the ambient exposed surface, g = 0.7 is the surface 
emissivity on the fire exposed surface,a = 1 is the surface emissivity on the ambient 
exposed surface, and  = 5.67x10-8 W/m2K4 is the Stephan Boltzmann constant. The 
fire temperature is defined using the standard fire curve Tg = Ta + 345log(8t/60+1) in 
this study and the air temperature is defined as a constant Ta = 20 
o
C.  
 
 
Figure  3.1 CFS channel section member exposed to fire on one side. 
 
FEA commercial package Comsol Multiphysics is adopted to carry out the transient 
heat transfer analysis, considering its pleasant flexibility in modifying governing 
equations and defining functions for material properties. The detailed development of 
the FEA model is addressed in the following sections.  
 
 Geometry 3.2
A two-dimensional heat transfer model was carried out in this chapter to conduct the 
thermal analysis, based on the assumption that the fire is identical along the longitudinal 
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direction of the member. In order to observe the dimensional effects on temperature 
distribution in fire, the model is geometrically carried out by using two section scales, 
200x75x20x2.0 mm and 300x75x20x2.0 mm, indicating the depth of the web, the width 
of the flange, the length of the lip, and the thickness of the web, flange and lip of a 
channel section. Figure  3.2 shows the geometry of two cross-sectional models.  
 
 
(a)      (b) 
 
Figure  3.2 Geometry of CFS channel section members.  
(a) Section dimensions: d = 200 mm, b = 75 mm, c = 20 mm, t = 2mm.  
(b) Section dimensions: d = 300 mm, b = 75 mm, c = 20 mm, t = 2mm.  
 
 Element type and mesh 3.3
Heat transfer in Solids module is chosen in COMSOL to conduct the thermal analysis, 
in which 6 nodal solid element is selected by default. Triangular mesh is applied with 
the maximum element size of 5mm. In order to include the temperature variation 
through the thickness, at least two elements are meshed along the thickness direction 
(see Figure  3.3).  
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(a)            (b)  
 
Figure  3.3 Mesh of CFS channel section members.  
(a) Section dimensions: d = 200 mm, b = 75 mm, c = 20 mm, t = 2mm.  
(b) Section dimensions: d = 300 mm, b = 75 mm, c = 20 mm, t = 2mm. 
 
 Boundary conditions 3.4
For the present problem standard fire curve is used to simulate the air temperature on 
the fire exposed side. Heat flux boundary conditions are adopted by using Eqs. ( 3.2)-
( 3.4). Eq. ( 3.2) is applied to the fire exposed surface of the plasterboard, Eq. ( 3.4) is 
applied to the two vertical sides of the plasterboard because of the periodically 
symmetrical boundary condition, and Eq. ( 3.3) is applied to all exposed surfaces of the 
channel section. Solving Eq. ( 3.1) with the boundary conditions defined by Eqs. ( 3.2)-
( 3.4) using FEM the temperature distribution in the channel section can be obtained.  
 
 Thermal properties of steel and fire protection materials 3.5
3.5.1 Steel 
The thermal properties of steels are taken as that of carbon steels expressed in EN1993-
1-2 (2005). The density of steel is taken as 7850 kg/m
3
, and the specific heat and 
thermal conductivity are as follows: 
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in which 
a  is the steel temperature in Celsius degree. 
 
3.5.2 Plaster board 
One layer of Gypsum board with a thickness of 12.5mm is used as the fire protection 
material in this study. The effective specific heat of the gypsum board, considering the 
effect of water movement and re-condensation at cooler regions, is adopted from 
(Kontogeorgos et al., 2012) and shown in Eq. ( 3.7),  
 



N
i
iaddseff
CCC
1
,0,
8.1   ( 3.7) 
in which iaddC ,  is the additional specific heats corresponding to the energy 
absorbed/produced during reactions occurring in a gypsum when heated to high 
temperatures. It was approximated by a Gaussian curve as follows:  
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in which σi and Tm,i are the modified coefficients corresponding to the peak 
temperatures of reactions, Ci is a constant chosen based on the conservation of the 
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energy consumed/produced during the specific reaction. The effective density and 
thermal conductivity of the gypsum board are expressed in Eqs. ( 3.9) and ( 3.10), 
respectively. The coefficients employed are summarized in Table 3.1.  
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Table  3.1 Coefficients of the Equations 
Gaussian 
curve i (°C) (°C) (J/kg)
(dρ/dT )i 
(kg/m
3
*k)
(dρ/dT )i 
(W/(m*k))
i =1 45 128 338,000 -100.8 -0.1046
i =2 46 183 115,000 -34.3 -0.0356
i =3 75 680 200,000 -45.45 0.13
i3 imT , iC
 
 
 Results and discussion 3.6
By conducting transient heat transfer analysis using the FEA, the development of 
temperature distribution on the cross-section of a CFS member could be obtained. 
Figure  3.4 plots the temperature distributions in the channel section at three different 
times, through which it is found that the temperature distribution is almost identical 
between two cross-section scales. It can be seen from Figure  3.4 that the variation of 
temperature in the fire exposed flange, fire exposed lip and web is quite significant, 
indicating that the temperature is not uniformly distributed in these elements. The 
temperature in the channel section is higher at a point closer to the fire exposed surface. 
Compared to the temperature in the fire exposed elements, the temperature in the fire 
unexposed flange and lip remains low even after an hour of the fire exposure. The rate 
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of the temperature increase reduces remarkably with increasing time. Note that the 
highest temperature in the channel section is much lower than the fire temperature 
because of the use of 12.5 mm thick plasterboard protection. For example, after an hour 
fire exposure, the highest temperature in the two channel sections is 250 
o
C, while the 
fire temperature at the same time is about 945 
o
C.  
 
 
 
(a) 
 
 
(b) 
 
Figure  3.4 Temperature distributions on CFS channel-sections when the fire exposed 
side is protected by a 12.5mm thick Gypsum board.  
 (a) Section dimensions: d = 200 mm, b = 75 mm, c = 20 mm, t = 2mm.  
(b) Section dimensions: d = 300 mm, b = 75 mm, c = 20 mm, t = 2mm. 
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Consider the Gypsum board burn out in fire, however the effect of blocking the fire 
through the Gypsum board to the CFS element is still effective, Figure  3.5 plots the 
temperature distributions in the cross-sections when the thickness of the Gypsum board 
reduces to 2mm. It is noted that the temperature distribution is similar as that shown in 
Figure  3.4, except that the maximum temperature in the cross-section is remarkably 
increased although it is still much lower than the fire temperature. The fire unexposed 
temperature remains low through the fire. It is therefore indicated that the temperature 
in a partially protected CFS member, such as a roof CFS purlin, remains low as long as 
the fire protection board remains in place to prevent the fire burning through.  
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(a) 
 
 
 
(b) 
 
Figure  3.5 Temperature distributions on CFS channel-sections when the fire exposed 
side is protected by a 2mm thick Gypsum board.  
(a) Section dimensions: d = 200 mm, b = 75 mm, c = 20 mm, t = 2mm.  
(b) Section dimensions: d = 300 mm, b = 75 mm, c = 20 mm, t = 2mm. 
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 Conclusions 3.7
Heat transfer simulations in CFS members have been carried out in this study to 
investigate the temperature distributions on a one-side protected member, which are 
generally used in the external wall panels or roof systems in a low- or mid- rise 
buildings. It is interesting to notice that in general the temperature does not rise rapidly 
in the one-side protected CFS member, especially in the fire unexposed side. The 
highest temperature occurs on the fire exposed flange, which is much lower than the fire 
temperature. The temperature distribution is highly nonlinear in this case. The 
influences of the cross-sectional dimensions and the protection board thickness on the 
temperature distribution pattern in the CFS member are not remarkable.  
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CHAPTER 4 – FLEXURAL BUCKLING BEHAVIOURS OF 
AXIALLY LOADED COLD-FORMED STEEL COLUMNS AT 
ELEVATED TEMPERATURES 
 
Axially loaded thin-walled open mono-symmetric sections, such as angles and channels, 
usually buckle globally in the flexural or flexural-torsional modes, depending on the 
shape and dimensions of the cross-section. When CFS channel members are used in 
wall panel systems in buildings, bracings and screws are always used between the 
plaster boards and the CFS studs to prevent the lateral deflection along the minor axis 
and the rotation of the CFS studs. Therefore the flexural buckling about the major axis 
would be the most common failure mode in CFS studs in panel systems. Both elastic 
and inelastic flexural buckling analyses of CFS columns have been carried out in this 
chapter. A simplified calculation method is proposed to predict the elastic flexural 
buckling load, and a second order elastic-plastic analysis is carried out to calculate the 
flexural failure load of CFS columns at elevated temperatures. 
 
 Elastic flexural buckling behaviour of CFS columns at elevated temperatures 4.1
Numerical method are usually used in existing research to calculate the elastic buckling 
load of CFS columns, even though it is generally time consuming and limited to specific 
geometrical dimensions. For design engineers, however, analytical solutions are 
favourable as it can be conducted by using hand calculation and the results can be 
examined quickly and meaningful. Consider a CFS channel section column subjected to 
an axial compressive load, and exposed to a fire on its one side. Let x be the 
longitudinal axis, and y and z be the cross-sectional axes parallel to the web and flange 
lines, respectively. The origin of the coordinates is chosen at the centroid of the section. 
It is assumed that the lateral deflection along z-axis is restrained by the plasterboard. 
Therefore only the deflection along the y-axis is allowed. Figure  4.1 shows the 
geometrical model of the CFS channel column. 
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(a)    (b)  
Figure  4.1 Geometrical model of a CFS channel section column. 
(a) Geometry sketch. (b) Cross-sectional model.  
 
4.1.1 Buckling equations of CFS channel columns 
By using Bernoulli beam’s assumption, the axial strain at any coordinate point of the 
cross-section can be expressed as the sum of a membrane strain and a bending strain 
about the major axis since the bending about the minor axis is restrained,  
xy
y 
0
  ( 4.1) 
where εo is the membrane strain and κxy is the curvature of the beam in the xy- plane. On 
the other hand, the total strain can be decomposed by individual actions (Li and Purkiss, 
2005) 
th


   ( 4.2) 
where εσ is the stress-induced strain which is related to stress and temperature, and εth is 
the thermal strain which is the function of temperature. Substituting Eq. ( 4.1) into ( 4.2) 
yields 
thxy
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  ( 4.3) 
The mechanical stress could be expressed in terms of the secant form of stress-strain 
relation as follows 
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in which ET is the elastic modulus at elevated temperature T.  
 
Moreover, the resultant axial membrane force Nx and the bending moment about z-axis 
Mz can be expressed as 
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where v is the lateral deflection of the column along y-axis. Note that the curvature κxy at 
a cross-section is the second derivative of the deflection v  . Hence, Eq. ( 4.5) could be 
rewritten as follows,  
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in which 




ydAEFdAEF
dAyEkydAEkdAEk
thTthT
TTT

21
2
221211
  ,
  ,  ,  ,
 
Eliminate the membrane strain in Eq. ( 4.6), it yields 
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In this case, the lateral deflection of the column could be solved as 
B
C
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in which C1 and C2 are the arbitrary constants.  
 
Substituting the boundary conditions of simply supported members, i.e., 0
0

 lxx
vv , 
into Eq. ( 4.10), the deflection v could be given as 
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By evaluating Eq. ( 4.11) at 
2
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x  , the value of the deflection at the middle point of the 
member is obtained as 
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which is apparent that the value of vm goes infinite when 0
2
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. Therefore when 
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Eq. ( 4.13) could be rewritten as 
Tcrcrx
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,   ( 4.14) 
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where 
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Eqs. ( 4.14) and ( 4.15) give a general expression of the elastic flexural buckling load of a 
simply supported CFS column at elevated temperatures. The first term in Eq. ( 4.15) 
shows the effect of the flexural stiffness, while the second term shows the effect of shift 
of centroid. If the temperature distribution is uniform on the cross-section, the Young’s 
Modulus across the section would be constant, and the second term in Eq. ( 4.15) 
vanishes. The equation could be simplified as 
 
20
2
2
20
E
E
A
ydA
dAy
IE
E
f TT
T













   ( 4.16) 
which indicates the derived buckling load goes back to the Euler buckling load under 
uniform temperatures.  
 
4.1.2 Verification of elastic buckling load 
Numerical simulations of elastic global buckling loads of simply supported lipped 
channel members, under uniform and non-uniform temperature distributions, have been 
studied by (Shahbazian and Wang, 2011a) using ABAQUS. Two cross sections 
(100x50x15x1 as type A and 100x56x15x2 as type B) and four column lengths (1500, 
3000, 4000 and 5000 mm) are considered in their numerical studies, with three 
temperature distributions being 1200/400, 1200/600, and 1200/800 
o
C). The 
temperature profile 1200/800 represents the temperature on the cross-section rising 
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linearly from room temperature initially till 1200
o
C on the fire exposed flange and 
800
o
C on the fire unexposed flange at 120 min. The applied loads in the simulations are 
taken as 0.3, 0.5, 0.65 and 0.75 of the ultimate load at the ambient temperature (18KN, 
30KN, 39KN and 45KN respectively). The yield strength and elastic modulus are taken 
as 350 MPa and 205 GPa at ambient temperature. Thermal expansion coefficient of 
1.4×10
-5
 °C
-1
 is used. The reduction of material properties of CFS is adopted from 
EN1993-1-2 (2005).  
 
The laterally restrained lipped channel section type B with the column length of 5000 
mm is used in this section for comparison. According to the specimen labelling system 
used in (Shahbazian and Wang, 2011a) the model name is defined as the section type, 
followed by the temperature distribution type and the applied load case. Therefore the 
label “B1dii” indicates the specimen of type B cross-section under a non-uniform 
temperature profile 1200/400 and an applied load of 18KN. Table  4.1 shows the 
comparison of the elastic buckling load obtained by the analytical method presented in 
Section  4.1.1, Pcr,analysis, and the FEA results given by (Shahbazian and Wang, 2011a) 
Pcr,FEA. The mean value of the elastic buckling load ratio (Pcr,FEA/Pcr,analysis) is 0.995 with 
the coefficient of variation (COV) of 0.003, which indicates the analytical method is 
very accurate.  
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Table  4.1 Comparison of elastic buckling load of CFS channel section 
 100x56x15x2 at elevated temperatures 
Model
Temperature 
profile
Applied Load    
(KN)
P cr,FEA 
(KN)
P cr,analysis 
(KN)
P cr,FEA /P cr,analysis 
B1dii 1200/400 18 48.99 49.36 0.992504
B1diii 1200/400 30 57.04 57.37 0.994248
B1div 1200/400 39 60.84 61.07 0.996234
B1dv 1200/400 45 62.32 62.52 0.996801
B2dii 1200/600 18 43.79 44.01 0.995001
B2diii 1200/600 30 54.46 54.74 0.994885
B2div 1200/600 39 59.62 59.8 0.99699
B2dv 1200/600 45 61.67 61.88 0.996606
B3dii 1200/800 18 37.9 38.41 0.986722
B3diii 1200/800 30 51.13 51.44 0.993974
B3div 1200/800 39 57.11 57.25 0.997555
B3dv 1200/800 45 60.14 60.35 0.99652
0.99484
0.002973
Mean
COV  
 
4.1.3 Elastic buckling load of one side protected CFS channel columns 
The critical buckling load of a one-side protected column is calculated using Eqs. ( 4.14) 
- ( 4.15). The temperature distribution is obtained using the thermal analysis of a one-
side protected channel column described in  Chapter 3, which was exhibited highly 
nonlinear on the fire exposed flange, fire exposed lip and web as are demonstrated in 
Figure  4.2(a). The buckling loads using two simplified temperature distributions, shown 
in Figure  4.2(b) and (c), are also calculated and compared with the result with the 
nonlinear temperature distribution. In Figure  4.2(b) the temperature is assumed to be 
constants in flanges. Along the web the temperature decreases parabolically from fire 
exposed side to the geometrical centroid axis; afterwards the temperature is assumed to 
be linear till the fire unexposed side. In Figure  4.2(c) the temperature is also assumed to 
be constants in flanges, but in the web and lips it is assumed to vary linearly. The 
temperature on the fire exposed side T is taken as either the highest temperature, or the 
average temperature in the fire exposed flange. The temperature on the fire unexposed 
side is taken as the room temperature. The assumptions of the temperature distributions 
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in web, lips and flanges are purely based on the numerical results of temperature 
obtained from  Chapter 3.   
 
 
 (a) (b) (c) 
Figure  4.2 Temperature distributions of a one-side protected channel member in fire.  
(a) Simulated temperature distribution. (b) Nonlinear temperature distribution. 
 (c) Linear temperature distribution. 
 
The flexural buckling loads of both small and large section columns are shown in 
Figure  4.3. The reduction factors of elastic modulus of the CFS at elevated temperatures 
are adopted from (EN1993-1-2, 2005). The buckling load based on the temperature 
distribution obtained from the heat transfer analysis is shown by black dash line. Four 
simplified temperature distributions, linear temperature distribution using the maximum 
temperature as the fire exposed temperature T, linear temperature distribution using the 
average temperature of the fire exposed flange as the fire exposed temperature T, 
nonlinear temperature distribution using the maximum temperature as the fire exposed 
temperature T, and nonlinear temperature distribution using the average temperature of 
the fire exposed flange as the fire exposed temperature T, are also applied for each 
column. It could be seen from the figure that all simplified temperature distributions 
give safe predictions of flexural buckling load. However the linear temperature 
distributions give over conservative results compared with nonlinear temperature 
distributions due to the high non-linearity of the temperature distribution along the web. 
Among the four simplified temperature distributions, the nonlinear temperature 
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distribution using the average temperature on the fire exposed flange gives best 
consistency with the flexural buckling load given by the real temperature distribution.  
 
 
(a) 
 
(b) 
 
Figure  4.3 Comparison of the reduction ratio of flexural buckling load, Pcr,T/Pcr,20, of a 
one side protected channel section member in fire.  
(a) Section dimensions: d = 200 mm, b = 75 mm, c = 20 mm, t = 2mm.  
(b) Section dimensions: d = 300 mm, b = 75 mm, c = 20 mm, t = 2mm. 
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Considering the loss of plaster board in fire, Figure  4.4 plots the flexural buckling load 
of two channel sections under both linear and nonlinear temperature distributions with 
the high temperature up to 600
o
C. It is shown the flexural buckling load drops 
increasingly with the rise of temperature. Generally nonlinear temperature distribution 
gives a higher buckling load than the linear temperature distribution. Furthermore, the 
reduction ratios of the two channel sections are almost identical, although an increasing 
difference has been revealed from Figure  4.4.  
 
 
 
Figure  4.4 Reduction ratio of flexural buckling load, Pcr,T/Pcr,20, of a CFS channel 
section member at variable temperatures.  
Shallow section dimensions: d = 200 mm, b = 75 mm, c = 20 mm, t = 2mm.  
Deep section dimensions: d = 300 mm, b = 75 mm, c = 20 mm, t = 2mm. 
 
4.1.4 Pre-buckling stress distributions 
Except predicting elastic flexural buckling loads, the analytical method proposed in the 
previous sections could be used to calculate pre-buckling stress distribution as well. The 
curvature κxy could be calculated by Eq. ( 4.11) as follows, 
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The membrane strain could be given by Eq. ( 4.6) as follows 
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The pre-buckling stress along the column could then be determined using Eq. ( 4.4). The 
stress distributions of a one-side protected CFS channel section column subjected to an 
axial loading Py=0.5fy*A, in which fy is the yield stress at room temperature, and A is the 
cross-sectional area of the column, under a linear temperature distribution is shown in 
Figure  4.5. The temperature on the fire exposed flange changes from 200oC to 600oC 
while the temperature on the fire unexposed flange remains ambient. The stress 
distributions at the end support of the column are shown in Figure  4.5(a)-(c) 
corresponding to the fire exposed temperature of 200, 400 and 600
o
C, respectively. The 
stresses on the two flanges are nearly constant when the fire exposed temperature is low 
(shown in Figure  4.5(a)). However, they vary linearly when the temperature is high due 
to the shift of centroid along the minor axis under non-uniform temperature 
distributions. The stress along the web increases from the fire exposed flange to the 
middle web, and drops down till the fire unexposed flange. The highest stress at the end 
section of the column is shown to occur at the middle of the web. The stress is nearly 
uniform on the cross-section when the fire exposed temperature is low, while the stress 
difference increases dramatically with the rise of high temperature. Due to the thermal 
bending moment under non-uniform temperatures, the stress on the fire unexposed 
flange increases while the stress on the fire exposed flange reduces significantly with 
increased high temperature. Moreover, the stress on the fire exposed flange changes 
from compression to tension when the fire exposed temperature exceeds 400
o
C.   
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 (a)   (b)   (c) 
 
 
 
 (d)   (e)   (f) 
 
Figure  4.5 Pre-buckling stress distributions of a CFS channel section column under 
linear temperature distributions. Section dimensions: d = 200 mm, b = 75 mm, c = 20 
mm, t = 2mm. (a)-(c) Stress distributions at the end of the column.  
(d)-(f) Stress distribution at the middle of the column. 
 
In order to better understand the axial stress variation along the member, Figure  4.6 
shows the stress values of 5 points on the cross-section from the end support to the 
middle section when the column is under a linear temperature distribution with the 
maximum temperature of 400
o
C. The points are chosen at the mid-point of the fire 
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exposed flange, a quarter of the web near the fire exposed flange, mid-point of the web, 
a quarter of the web near the fire unexposed flange, and the mid-point of the fire 
unexposed flange. Only half-span of the column is used considering the symmetry of 
the member. It is shown that the stress on the fire exposed side reduces parabolically 
while the stress on the fire unexposed side increases . Although the stress at the middle 
of the web reduces slightly, it is unobvious when compared to the variation of stresses 
on the two flanges.  
 
 
Figure  4.6 Variation of axial stress along the column. Section dimensions: d = 200 mm, 
b = 75 mm, c = 20 mm, t = 2mm. 
 
 Second order elastic-plastic analysis of CFS columns at elevated temperatures 4.2
First order analysis, which has been adopted in the calculation of the elastic buckling 
load of columns shown in the previous section, is commonly used in practice. In this 
method the analysis is based on the undeformed shape of the column, which does not 
take into account the P-Δ and P-δ effects due to the deformation of the member under 
loading. This method is generally applicable to the members with small slenderness, 
which however is hardly the case in CFS members. Furthermore, mechanical properties 
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of CFS, such as yield strength and elastic modulus, have been found to reduce 
significantly at elevated temperatures, and the stress-strain relationship shows 
increasing nonlinearity with the rise of temperature (Chen and Young, 2007b; 
Kankanamge and Mahendran, 2011). Therefore, to consider both the second order effect 
and the inelastic material properties of CFS columns in fire, a second order elastic-
plastic analysis is conducted in this section.  
 
4.2.1 Background of second order elastic-plastic analysis 
The same channel section column shown in Figure  4.1 is considered here. Since plastic 
strain is involved in the analysis, the incremental calculation method is used to describe 
the stress-strain relationship. Eqs. ( 4.1) and ( 4.2) are rewritten as  
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where Δε, Δσ, ΔT are the increments of membrane strain, stress and temperature 
respectively, Δκxy is the increment of the curvature of the beam in the xy plane, α is the 
coefficient of thermal expansion which is taken as 1.4×10
-5
°C
-1
 in this study, and fσ and 
fT are the partial derivatives of the mechanical strain to the mechanical stress and 
temperature respectively, which could be calculated based on the stress-strain relation. 
If the elastic-perfect plastic stress-strain relationship recognized in (EN1993-1-2, 2005) 
is used, fσ and fT are taken as 
T
E
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  ( 4.23) 
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while if the nonlinear stress-strain relationship proposed by (Kankanamge and 
Mahendran, 2011) is used, fσ and fT yields 
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in which ET and σy,T are the elastic modulus and yield stress at high temperature T, 
respectively, σ is the axial stress, β and ηT are the two parameters depending on the 
grade of steel (Kankanamge and Mahendran, 2011). β is taken as 0.86, and the equation 
of ηT for CFS grade G550 is adopted in the following calculation.   
 
Substituting Eqs. ( 4.20) - ( 4.22) into Eq. ( 4.19) the increment of the stress yields 
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and the increments of the resultant force and moment are  
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The increments of ΔF1 and ΔF2 can be generated due to the temperature increments, and 
the increments of ΔNx and ΔMz can be obtained in terms of the increments of externally 
applied mechanical loads and reaction forces at boundaries. In this study the transient 
state condition is used, which means that a load is applied to the member first, followed 
by an increase in temperature distribution until the member fails. Therefore ΔNx is equal 
to zero. ΔMz is zero as well when the temperature distribution is uniform. However ΔMz 
would be dependent on the lateral deflection when the temperature distribution is non-
uniform, and therefore it is not constant along the longitudinal axis. The membrane 
strain Δεo and the curvature Δκxy must be solved by considering the compatibility along 
the member:  
dx
ud )(
0

   ( 4.29) 
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vd
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in which u is the axial deformation along the column, and v is the lateral deflection 
along the y- axis.  
 
In order to get descriptions of u and v, the interpolating functions are used. The column 
is divided into elements along the axial direction to get an accurate estimation of 
member deformation. Assume u1, v1, θy1, u2, v2, and θy2 are the axial deformation, the 
lateral deflection along y-direction, and the rotation along z-axis of the two ends of an 
element respectively. The axial deformation u within the element can be described as 
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in which   is the variable changes from -1 to 1 along the element, N1 and N2 are the 
interpolating functions, which are taken as follows: 
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where l is the length of the element.  
 
The strain field could be therefore obtained as the first derivative of the axial 
deformation, which yields 
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Furthermore, the deflection v could be determined by 
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and the curvature is  
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Rewrite Eqs. ( 4.33) and ( 4.35) into a matrix in an increment form, one can get  
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Galerkin method (Wang, 1953) is used to solve the equation system, in which the 
weight matrix is taken as 
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Eq. ( 4.28) could then be rewritten as 
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or 
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The Gauss-Legendre quadrature method is used for the integration calculation in 
Eq.( 4.39). Five Gauss points are used, of which the coordinates (vary in the range of -1 
to +1 along the element) are shown in Table  4.2 together with the weights:  
 
Table  4.2 Gauss points and weights 
Number of points Points Weights
0 0.5688889
±0.5384693 0.4786287
±0.9061798 0.2369269
5
 
 
Integration of Eq. ( 4.39) gives the element stiffness matrix and geometric stiffness 
matrix. The global stiffness matrix could then be formed by assembling the element 
stiffness matrix in the order of nodal number. After substituting boundary conditions, 
the increments of the axial deformation, the lateral deflection, and the rotations along 
the member could be obtained. The total deformation could therefore be obtained by 
summing up the respective deformation increments over time/temperature. Note that by 
inputting different elastic modulus at different temperatures, the shift of the effective 
centroid on the cross-section is automatically included. Thermal bowing and its 
amplification are considered by the additional bending moment ΔMz in each temperature 
increment.  
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A Matlab program is developed to conduct the second order analysis. Symmetric 
boundary condition is used at the mid of the column in the program to reduce the 
computing time. The boundaries are taken as 0
0

x
v , 0
2/

lx
u , and 0
2/,

lxy
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Figure  4.7 Boundary conditions of a CFS column 
 
4.2.2 Verification of second order analysis 
The FEM is applied to valid the second order elastic-plastic analysis. A simply 
supported CFS channel section column with a member length of 6 m, subjected to an 
axial loading on the geometric centroid is considered. The cross-sectional dimensions 
are taken as a web length of 120 mm, flange length of 50 mm, lip length of 15 mm, and 
thickness of 1.5 mm. Consider the symmetry of the member, only a half-span column is 
modelled. Shell element is used in the FEA simulation. The element mesh and boundary 
conditions are shown in Figure  4.8. In order to facilitate the load application on the 
geometric centroid, constraint equations (shown in Figure  4.8(b)) are applied to all 
nodes on the end to couple the nodal displacements and rotations to the geometric 
centroid. The lateral deflections and twist are restrained (vy=0, vz=0 and θx=0) in order 
to achieve the simply supported boundary conditions. The axial load is applied on the 
geometric centroid as shown in Figure  4.8(c). The axial deformation and rotations along 
the two axes within the cross-section are restrained (u=0, θy=0, and θz=0) on all the 
nodes on the mid-span of the column to achieve the symmetric boundary conditions 
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(shown in Figure  4.8(d)). In order to restraint the lateral deflection along the minor axis, 
the displacements along z-axis of the nodes on the central line along the flange are 
prevented (vz=0).  
 
    
(a)         (b) 
 
 
(c)     (d) 
 
Figure  4.8 Finite element model of a CFS lipped channel column. (a) Finite element 
mesh. (b) Constraint equations applied at the centroid of the cross-section at the end.  
(c) Simply supported boundary conditions at the end. 
(d) Symmetric boundary conditions at the mid-span. 
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Two temperature distribution profiles (1200/800 and 1200/1000, which implies various 
thermal deflection and material properties) are applied in the comparison. Three load 
ratios are used: 0.2, 0.3 and 0.5 of the elastic buckling load of the CFS column at room 
temperature. The time-lateral deflection curves of the CFS column at various load ratios 
and temperature profiles are plotted in Figure  4.9. It is shown that FEM gives good 
agreement with the second order elastic-plastic analysis carried out in this chapter on 
the failure time in all loading cases and temperature distribution profiles, although FEM 
gives relatively larger deflection due to the large deformation effect included in FEM. 
The second order analysis is therefore considered valid.  
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(b) 
 
Figure  4.9 Time-deflection curves of the CFS column based on second order elastic-
plastic analysis and FEM.  
(a) Temperature profile: 1200/800. (b) Temperature profile: 1200/1000. 
 
4.2.3 Comparison of first order and second order analyses 
The flexural buckling loads of a 6 m CFS channel column are compared between the 
second order analysis and the first order analytical study shown in the previous section. 
Both linear elastic material model and elastic-perfect plastic material model are 
considered in the second order analysis to examine if material yield happens in a slender 
column under high temperature. Four temperature distribution profiles (1200/1100, 
1200/1000, 1200/900, and 1200/800) and four load ratios (0.2, 0.3, 0.4 and 0.5 of the 
Euler buckling load at room temperature) are applied when doing the comparisons. 
Table  4.3 summarizes the buckling loads given by both first and second order analyses. 
It is shown that the second order elastic analysis gives higher buckling load than the 
first order analysis does when the temperature difference on the cross-section is very 
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small (1200/1100). However the difference diminished when the temperature difference 
is big (1200/900). The buckling load of the second order analysis is found to be smaller 
than that of the first order analysis under the temperature distribution of 1200/800. The 
reason for this might be that when the temperature difference is small, the second-order 
deformation is not significant to lead the member to fail at the theoretical value as given 
by the first order analysis. However when the temperature difference is large, the 
thermal deflection leads to significant deformation in the second order analysis, which 
results in earlier failure of the member.  
 
Table  4.3 Comparison of second order analysis results with analytical results of a CFS 
lipped channel section 120x50x15x1.5 at various temperatures 
Elastic material 
model
Elastic-plastic 
material model
0.5Pcr 56 59 56
0.4Pcr 59 62 61
0.3Pcr 63 66 65
0.2Pcr 69 70 70
0.5Pcr 55 58 51
0.4Pcr 59 62 59
0.3Pcr 63 66 65
0.2Pcr 69 71 70
0.5Pcr 58 57 48
0.4Pcr 62 61 57
0.3Pcr 68 65 64
0.2Pcr 74 71 70
0.5Pcr 59 57 44
0.4Pcr 63 60 54
0.3Pcr 69 65 62
0.2Pcr 77 70 69
1200/900
1200/800
Failure time from 
analytical study 
(min)
Failure time from second order 
analysis (min)
Temperature profile Applied load
1200/1100
1200/1000
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The comparison between the second order elastic analysis and the second order elastic 
perfectly-plastic analysis in Table  4.3 shows that both analyses deliver similar results 
when both the temperature difference and the load ratio are small (i.e. 0.2Pcr in the case 
of 1200/1100), which indicates that the member is very slender as it fails in the elastic 
region. However, the second order elastic-perfectly plastic analysis shows remarkably 
smaller results than the second order elastic analysis does when the load ratio is high 
(0.5Pcr) and the temperature difference is large (1200/800), which means that the 
column may have reached to yield before the buckling actually happens. It is therefore 
believed that the temperature difference on the cross-section significantly influences the 
flexural buckling load of a CFS column in fire. Further discussion on the effect of 
temperature variation within the cross-section on the buckling behaviour of CFS 
members will be given in following sections.  
 
4.2.4 Parametric studies of CFS columns in fire by second order analysis 
In order to further understand the flexural buckling of the CFS column, the effects of 
the temperature difference, temperature distribution and the stress-strain relationship are 
going to be discussed in this section. The same channel section column as used in the 
previous section is adopted here. The temperature distribution profiles changes from 
1200/1000 to 1200/200 in order to include various temperature difference cases. The 
load ratio varies from 0.1 to 1 of the flexural buckling load of the member at room 
temperature. Second order elastic-perfectly plastic analyses have been carried out and 
the results are shown below.  
 
4.2.4.1 Effect of temperature difference on the cross-section 
With the increase of temperature difference the lateral deflection increases steadily, 
which causes an increase of bending moment along the column. Figure  4.10 shows the 
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effect of various temperature distributions on the buckling failure time of a 6 m CFS 
column. Since the temperature is assumed rising linearly against time, and the high 
temperatures of all temperature distributions are same, the failure time therefore 
indicates the maximum temperature on the member. It is shown that when the 
temperature difference is small (1200/1000), the buckling failure time reduces almost 
linearly with the rise of the axial loading. However when the temperature difference 
increases, the buckling failure time drops dramatically, although the reduction of the 
failure time slows down with the rise of the load ratio when the load ratio is higher than 
0.5.  
 
 
 
Figure  4.10 Effect of temperature difference on the flexural buckling failure time of a 
6m CFS channel column.  
Section dimensions: d = 120 mm, b = 50 mm, c = 15 mm, t = 1.5mm. 
 
With the same maximum temperature on the cross-section, the bigger the temperature 
difference is, the lower the flexural buckling load is. For example, under the 
temperature distribution case of 1200/1000, the CFS column with a load ratio of 0.5 
would fail at 51 min, which however is the failure time of the member with the load 
ratio of 0.3 under the temperature distribution profile of 1200/200, and the member with 
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a load ratio of 0.5 would fail at 29 min under the temperature distribution profile of 
1200/200. Furthermore, the reduction of the failure time caused by the temperature 
difference is not very obvious when the load ratio is small. However it increases 
dramatically with the rise of the load ratio. It is therefore believed that the temperature 
difference on the cross-section reduces the flexural buckling load capacity of the CFS 
columns significantly, and it influences more on the high load ratio columns than those 
with low load ratios.  
 
4.2.4.2 Effect of the temperature distribution on the cross-section 
The temperature distributions have been assumed to be linear within the cross-section in 
some of studies(Shahbazian and Wang, 2011a). However it has been realised (Feng, 
2004) that the temperature distribution is nonlinear along the web when the member is 
exposed to fire on one side. Therefore both linear and parabolic temperature 
distributions are applied to calculate the buckling time and the results have been plotted 
in Figure  4.11. It could be seen that the difference of buckling time between linear and 
nonlinear temperature distributions is considerable when the load ratio is small (less 
than 0.3). However, the difference reduces when the load ratio becomes higher than 0.3. 
The reason is for an equally loaded CFS column under the two temperature distributions, 
the flexural buckling is affected by both the flexural stiffness and the additional bending 
moment which is depended on the eccentric distance of the axial loading along the 
column. The flexural stiffness is more affected by the material properties farer away 
from the neutral axis. Therefore both temperature distributions have similar bending 
stiffness since the temperatures on the two flanges are the same and the maximum 
temperature difference occurs at the mid-web which has little influence on the bending 
stiffness. Although the temperature distribution influences the shift of the centroid of 
the cross-section, the thermal bowing deflection, which is depended on the temperature 
difference rather than the temperature distribution on the cross-section, has a more 
remarkable effect on the eccentric distance. Therefore the temperature distribution does 
not affect the flexural buckling significantly of the CFS column.  
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Figure  4.11 Effect of temperature distribution on the flexural buckling failure time of a 
6m CFS channel column.  
Section dimensions: d = 120 mm, b = 50 mm, c = 15 mm, t = 1.5mm. 
 
4.2.4.3 Effect of the stress-strain relationship 
The stress-strain relationship of CFS has been playing an important role in the buckling 
analysis of CFS members in fire. The elastic-perfectly plastic material model is mostly 
used for CFS because the difference between the yield strength and ultimate strength is 
negligible for most CFS sections. However many researchers (Chen and Young, 2007b; 
Kankanamge and Mahendran, 2011) have stated that although the stress-strain curve is 
nearly elastic-perfectly plastic at room temperature, it changes to be nonlinear with 
increasing temperatures. The effect of the non-linear stress-strain relationship on the 
lateral-torsional buckling capacity of CFS beams under uniform temperatures has been 
studied by (Kankanamge and Mahendran, 2012), in which it is found the stress-strain 
relationship has a significant influence on the lateral-torsional buckling capacity of 
beams, especially on those with intermediate slenderness. The influence of nonlinear 
stress-strain curve on the distortional buckling capacity of CFS columns under uniform 
temperature has been studied by (Ranawaka, 2006) in which it is concluded that the 
nonlinearity of stress-strain curve has insignificant influence on the ultimate distortional 
buckling load. The effect of the nonlinear stress-strain relationship on the flexural 
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buckling capacity however has not been fully addressed yet, therefore the second order 
analysis of a 6 m CFS channel column at elevated temperatures has been carried out 
based on both linear elastic-perfectly plastic stress-strain relationship and nonlinear 
stress-strain relationship proposed by (Kankanamge and Mahendran, 2011), using the 
same elastic modulus and yield strength given by (EN1993-1-2, 2005). Figure  4.12 plots 
the buckling failure time of the CFS column under three linear temperature distributions. 
It is shown that although the nonlinear stress-strain relationship of CFS gives a smaller 
buckling failure time under most loading ratios, the difference is rather small between 
the linear and nonlinear stress-strain relationships. It is therefore concluded that the 
nonlinearity of the stress-strain relationship has negligible effect on the flexural 
buckling capacity of a slender CFS column at elevated temperatures.  
 
 
 
Figure  4.12 Effect of the stress-strain relationship on the flexural buckling failure time 
of a 6m CFS channel column.  
Section dimensions: d = 120 mm, b = 50 mm, c = 15 mm, t = 1.5mm. 
 
 Conclusions  4.3
Both the first order and second order analyses have been carried out in this chapter to 
investigate the flexural buckling behaviour of CFS channel columns at elevated 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0
10
20
30
40
50
60
70
80
Load ratio
B
u
c
k
lin
g
 t
im
e
, 
m
in
 
 
1200/1000
1200/600
1200/200
Elastic-perfect plastic - relationship
Nonlinear - relationship
82 
 
temperatures. The analytical study provides a simplified calculation method of the 
elastic buckling load and pre-buckling stress distributions of the columns. A second 
order elastic-plastic study investigated the flexural buckling failure load/time of the 
columns. The effects of the temperature difference, temperature distribution and 
nonlinear stress-strain relationship have been studied consequently. Through the studies 
the following conclusions have been drawn:  
 
For the one-side protected CFS columns which exhibit a highly nonlinear temperature 
distributions on the cross-section, the nonlinear simplified temperature distribution 
using the average temperature on the fire exposed flange as the maximum temperature 
shows good agreement with the simulated temperature distribution when conducting 
elastic flexural buckling analysis, therefore it is recommended for the future study.  
 
The second order elastic analysis shows a smaller buckling time than the first order 
analysis does due to the consideration of the second order effects. The temperature 
difference on the cross-section shows a remarkable reduction on the flexural buckling 
capacity due to the additional thermal bending moment. However the temperature 
distribution and nonlinear stress-strain relationship do not reveal a significant influence 
on the flexural buckling load. Therefore the linear temperature distribution and elastic-
perfectly plastic stress-strain relationship are recommended in the flexural buckling 
calculation of CFS columns used in wall panels at elevated temperatures. 
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CHAPTER 5 – BUCKLING PERFORMANCE OF COLD-FORMED 
STEEL CHANNEL MEMBERS AT ELEVATED TEMPERATURES 
USING FINITE STRIP METHODS 
 
Buckling analysis can be completed in a variety of ways. The commonly used methods 
include the FEM, FSM, classical Fourier series solutions, and GBT method (Papangelis 
and Hancock, 1995). For CFS members subjected to pure compression and/or pure 
bending, the FSM is one of the most effective methods (Schafer, 1997). The eigenvalue 
analysis software CUFSM (Li and Schafer, 2010) based on the FSM has been adopted 
typically to get the elastic buckling loads of CFS members at ambient or elevated 
temperature. However, since CUFSM was developed under ambient temperature, the 
effect of thermal expansion on the stress distribution and the shift of neutral axis under 
non-uniform temperatures are not taken into account in the codes. Although the 
temperature effect has been considered by Shahbazian and Wang (2011a) in columns by 
applying temperature-dependent material properties and additional thermal bending 
moment, this simplified method may not be able to reveal the actual non-uniform stress-
distribution on the cross section and the corresponding effect on the buckling 
performance of CFS members. Furthermore, CUFSM is only available to the members 
subjected to pure compression and/or pure bending, which is hardly the case in reality. 
In order to overcome this drawback, one has to combine the FSM and classical Fourier 
series solutions (Chu et al., 2005; Chu, 2004) due to the variation of pre-buckling 
stresses along the longitudinal axis. A modified semi-analytical FSM has been carried 
out by taking into account the reduced material properties together with non-uniform 
per-buckling stress distributions at elevated temperatures. Similar matrix equations to 
those given in (Chu et al., 2005; Chu, 2004) but with different matrix coefficients have 
been derived. The mechanical properties of CFS carried out by Kankanamge and 
Mahendran (2011) using experimental method are adopted in this study. 
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 Pre-buckling analysis of CFS members in fire 5.1
It is of great significance to understand the stress performance of a CFS member in fire 
since the pre-buckling stress distribution plays an important role in the buckling 
analysis. Using the generalized Bernoulli beam theory, the relationship of the 
generalized strains and generalized forces can be expressed as follows, 
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where 
th
  is the thermal expansion strain, taken as T ,  is the thermal expansion 
coefficient, taken as 5104.1   in this study, and T  is the value of temperature rise on 
the cross-section in a fire.  
 
Given a temperature distribution and the reduced elastic modulus, all the coefficients in 
Eq. ( 5.1) can be determined. The membrane strain 
0
  and the curvatures 
xy
  and 
xz
  in 
the two bending planes along the member can be determined in terms of the externally 
applied loads and the loads induced by the temperatures as follows, 
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The axial stress distribution on the cross-section can be calculated by substituting the 
membrane strain 
0
  and the curvatures 
xy
  and 
xz
  into Eq. ( 5.3), 
 
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  ( 5.3) 
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The temperature distributions required are obtained based on a heat transfer analysis of 
a plaster board protected CFS channel section, which has been presented in Chapter 3. It 
is assumed that the channel section was protected by a plaster board on its one side and 
exposed to ambient on its other side. This is a case usually used in the external wall 
and/or roof systems. The fire is assumed to occur on the plasterboard side (shown in 
Figure  5.1(a)), and heat transfers through the plasterboard to the CFS member. The 
temperature distribution was exhibited highly nonlinear on the fire exposed flange, fire 
exposed lip and web (shown in Figure  5.1(b)) based on the numerical simulation. Two 
simplified temperature distributions shown in Figure  5.1(c) and (d) are used in the pre-
buckling analysis. In Figure  5.1(c) the temperature is assumed to be constant in flanges. 
Along the web the temperature decreases parabolically from fire exposed side to the 
geometrical centroid axis; afterwards the temperature is assumed to be linear till the fire 
unexposed side. In Figure  5.1(d) the temperature is also assumed to be constants in 
flanges, but in the web and lips it is assumed to be linearly varied. The temperature on 
the fire exposed side is taken as the highest temperature in the fire exposed flange, while 
the temperature on the fire unexposed side is taken as the room temperature.  
 
 
(a)     (b)  
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 (c)    (d) 
 
Figure  5.1 Geometrical sketch and temperature distributions on a channel cross-section. 
(a) Geometrical model. (b) Real temperature distribution.  
(c) Nonlinear assumption. (d) Linear assumption. 
 
5.1.1 CFS members subjected to axial loading 
If the channel section has a uniformly distributed temperature the reduction of material 
properties is identical everywhere in the section. The cross section will be subjected to 
uniform compression when the member is subjected to an axial load acted at the 
centroid of the cross section. However, if the temperature distribution is non-uniform, 
the reduced elastic modulus varies on the cross-section, which leads to a non-uniform 
stress distribution on the cross-section. Furthermore, due to thermal expansions on the 
cross-section, the member would have a bow towards the high temperature side. The 
axial load Nx applied at the centroid at the ends of the column would then behave like an 
eccentric load along the member. Therefore a thermal bending moment would be 
brought to the member, with a maximum value at the mid-length of the member and a 
zero value at support ends. Note that by introducing various reduced material properties 
on the cross-section, the shift of centroid is already included, thus the bending caused 
by the shift of centroid at elevated temperatures is considered automatically. 
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Since the temperature is constant along z-axis in the two temperature distributions 
shown in Figure  5.1 (c) and (d), the thermal bowing is only along y-axis, and it is 
assumed to vary parabolically along the member with a maximum value at the middle 
(Cooke, 1988) and zero value at two ends. The thermal bending moment My is thus 
equal to zero, and Mz is taken as the product of the axial load and the thermal deflection, 
as shown in Eqs. ( 5.4) and ( 5.5),  
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where L is the member length,  is the thermal expansion coefficient of the CFS, ΔT is 
the temperature difference between the fire exposed and fire unexposed sides, and d  is 
the depth of the cross-section.  
 
Substituting 
x
N , 
y
M  and 
z
M  into Eqs. ( 5.2) and ( 5.3), the axial stress distribution on 
the cross-section can be determined. Figure  5.2 and Figure  5.3 show the stress 
distributions of a CFS channel-section column, with a member length of 6 m, under 
both linear and nonlinear temperature distributions as assumed in Figure  5.1. The axial 
load is assumed as the yield strength at ambient temperature (Nx = fy,T0A where fy,T0 is 
the yield stress at ambient temperature and A is the gross cross-sectional area of the 
column) and the compressive stress is taken to be positive and tensile stress is negative. 
Note that the thermal bending moment is dependent on the member length and thus the 
change in column length will lead to a different stress distribution along the member.  
 
Figure  5.2(a)-(c) show the stress distributions at the end of the column under three 
linear temperature distributions. Since the thermal bending at the end is zero, 
Figure  5.2(a)-(c) reveal the pure effect of the shift of centroid caused by the variation of 
elastic modulus within the cross-section. Through the figures it can be seen that the 
member is under pure compression, and the stress distribution tends to be nonlinear 
along the web, but linear along the flanges and lips, with the highest stress at the 
88 
 
junction of the fire unexposed flange and fire unexposed lip, and the lowest stress at the 
junction of the fire unexposed flange and the web. Figure  5.2(d)-(f) show the stress 
distributions at the middle section of the column. It can be seen from the figures that the 
thermal bending moment exhibits a remarkable influence on the stress distribution when 
they are compared with Figure  5.2(a)-(c). The compressive stress on the fire unexposed 
side is significantly increased while the compressive stress on the fire exposed side is 
reduced considerably and turned to tension when the temperature reaches about 300 
o
C. 
When the temperature is low (shown in Figure  5.2(d)), the highest stress occurs at the 
junction of the fire unexposed flange and the fire unexposed lip. However the highest 
stress point changes to the junction of the fire unexposed flange and the web when the 
temperature exceeds 300 
o
C.  
 
  
 (a) (b) (c) 
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 (d) (e)  (f) 
 
Figure  5.2 Pre-buckling stress distributions of a channel-section column under linear 
temperature distributions.  
Section dimensions: d = 200 mm, b = 75 mm, c = 20 mm, t = 2mm.  
(a)-(c) Stress distribution at the end section of the column. 
(d)-(f) Stress distribution at the middle section of the column. 
 
Figure  5.3(a)-(c) show the stress distributions at the end of the column under nonlinear 
temperature distributions. Due to the nonlinearity of the thermal expansion within the 
cross-section, the mechanical strain tends to be nonlinear in order that the cross-section 
remains in the plane. This brought it into a tension to the region with a sharp reduction 
of the high temperature (on the web near the fire exposed flange), which is revealed by 
a remarkable reduction of the compression on the web near the fire exposed flange. The 
compression is shifted to other regions. Therefore the highest compressive stress is 
exhibited higher than that shown in Figure  5.2(a)-(c). When the temperature is less than 
300 
o
C, the highest compression occurs at the junction of the fire exposed flange and the 
web. However when the fire reaches 600 
o
C the highest compressive stress moves to the 
web since the compression on the fire exposed flange reduces obviously, due to the 
remarkable reduction of the elastic modulus under high temperature. When taking into 
account the thermal bending, shown by the stress distributions on the middle section in 
Figure  5.3(d)-(f), the tension caused by various thermal expansions increased the value 
of tensile stress on the web and extended the tension region obviously under high 
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temperatures. It is observed that the maximum stress is generally higher in Figure  5.3 
than that shown in Figure  5.2 under the same high temperature, which may lead to 
earlier material yield under nonlinear temperature distribution; that is a smaller 
slenderness.  
 
 
 (a) (b) (c) 
 
 
 (d) (e)  (f) 
Figure  5.3 Pre-buckling stress distributions of a channel-section column under nonlinear 
temperature distributions.  
Section dimensions: d = 200 mm, b = 75 mm, c = 20 mm, t = 2mm.  
(a)-(c) Stress distribution at the end section of the column.  
(d)-(f) Stress distribution at the middle section of the column. 
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5.1.2 CFS members subjected to transverse loading 
CFS sections are usually used as purlins - the intermediate members between the main 
structural frame and the corrugated roof, to carry transverse loading. The channel 
section is not symmetric about the principal axis parallel to its web line. Its shear centre 
is also not at the centroid. However, when they are used in buildings to support the 
loading on the floor or ceiling, several channel-section beams are usually used together 
(see Figure  5.4 (a)). In this case the transverse loading on the channel-section beam can 
be assumed to act at the shear centre of the section, as shown in Figure  5.4 (b).  
 
 
 
 (a) (b) 
Figure  5.4 CFS channel-section beams subjected to transverse loading in fire. 
 (a) Purlin-sheeting system. (b) Model used in pre-buckling stress analysis.  
 
If the channel section has a uniformly distributed temperature then the mechanical 
properties of the section are also symmetric about its geometrically symmetric axis. 
However, if the temperature is not uniform in the cross-section then the mechanical 
properties will no longer be symmetric about its geometrically symmetric axis. In this 
case the bending of the beam has to be treated as an asymmetric bending case. If the 
member is subjected to a transverse loading at its shear centre, the bending about the 
minor axis My = 0. However, if the beam is fully restrained in its lateral direction then 
xz = 0 instead of using My = 0. The axial stress could be obtained by Eqs. ( 5.2) and 
( 5.3). Note that there is no axial load and therefore thermal bowing would not cause 
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additional bending moment on the cross-section. 
z
M  is only based on the transverse 
loading and it does not vary with the temperature or time.  
 
If the temperature is uniformly distributed within the cross section, the stress 
distribution generated by the moment will follow the conventional distribution of 
bending stress. However, if a fire occurs only in one side of the member, as shown in 
Figure  5.4, the temperature will not be uniform in the cross section and so do the 
material properties (e.g. Young’s modulus). In this case the pre-buckling stress 
distribution across the section has to be determined exactly based on the temperature 
distribution and the temperature-dependent Young’s modulus. In what follows, two pre-
buckling analyses are to be carried out. One is the fire exposed on the compression side 
of the member and the other is the fire exposed on the tension side of the member.  
 
Figure  5.5 plot the stress distribution on the middle section of a CFS channel-section 
beam under linear temperature distributions, in which the maximum value of Mz is 
assumed to be as the yield moment of the section at room temperature. The compressive 
stress is taken as positive and the tensile stress is taken as negative. It is observed from 
Figure  5.5 (a)-(c) that the stress distribution varies almost linearly along the web for low 
temperatures (T≤300 oC), but exhibits highly nonlinear for high temperatures (T≥500 
o
C). The stress value on the fire exposed flange (tension side) is found to reduce with 
the rise of temperature, whereas the tension region in web is clearly increased as 
temperature rises, indicating the shift of the neutral axis towards to flange (compression 
side) with lower temperature. This is due to the variation of elastic modulus within the 
cross-section caused by the non-uniform temperature. Furthermore, comparing 
Figure  5.5 (d)-(f) with Figure  5.5 (a)-(c) shows that the stress distributions are identical 
in the two cases except that the stress direction is reversed. This indicates that the linear 
temperature distribution does not affect the stress distribution since the thermal 
expansion is linear within the cross-section.   
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 (a) (b) (c) 
 
 
 (d) (e) (f) 
 
Figure  5.5 Pre-buckling stress distribution on middle section of a channel-section beam 
under linear temperature distributions.  
Section dimensions: d = 200 mm, b = 75 mm, c = 20 mm, t = 2mm.  
(a)-(c) Fire is exposed to the tensile side.  
(d)-(f) Fire is exposed to the compressive side. 
 
Figure  5.6 shows the stress distributions on the middle section of a CFS channel-section 
beam under nonlinear temperature distributions. It can be seen from Figure  5.6(a)-(c) 
that the stress distribution varies almost linearly along the flanges and lips and most part 
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of the web. The largest compressive stress is found to occur at the junction between web 
and fire unexposed flange. The largest tensile stress is found to be either at the end of 
the fire exposed lip or in the web depending on the fire temperature and sectional 
dimensions. There is an increase of tension on the web near fire exposed flange, and a 
reduction of tension on the fire exposed flange compared with Figure  5.5 (a)-(c), which 
is due to the remarkable nonlinearity of the thermal expansion on the web near the fire 
exposed flange. It generates an additional bending on the cross-section, which increases 
the maximum stress value on the cross-section compared with the beam under linear 
temperature distributions. However, this additional thermal bending has an opposite 
effect when the fire is exposed to the compression side. It is revealed in the figures that 
not only the magnitude of the stress but also the shift of neutral axis is influenced by the 
additional thermal bending. The shift of the neutral axis is more remarkable when fire is 
exposed to the tension side than that when fire is exposed to the compression side.   
 
 
 (a) (b) (c) 
 
95 
 
 
 (d) (e) (f) 
 
Figure  5.6 Pre-buckling stress distribution on middle section of a channel-section beam 
under nonlinear temperature distributions.  
Section dimensions: d = 200 mm, b = 75 mm, c = 20 mm, t = 2mm.  
(a)-(c) Fire is exposed to the tensile side. 
(d)-(f) Fire is exposed to the compressive side. 
 
 Buckling behaviour of CFS channel columns subjected to axial loading 5.2
The buckling analyses of an axially loaded member at elevated temperatures are carried 
out by applying the non-uniform pre-buckling stress distribution and reduced material 
properties at elevated temperatures. Note that the additional thermal bending moment 
varies parabolically along the member, while the axial loading remains unchanged. The 
stress distribution is therefore divided into two parts. One is the stress caused by the 
axial loading, which does not vary along the member. The other is the stress caused by 
the thermal bending moment, which varies parabolically from zero at the ends to the 
maximum value at the mid-length of the member. For each strip of the cross-section, the 
local stiffness matrix and geometric stiffness matrix are calculated based on each stress 
part and then summed up to the overall local stiffness matrix and geometric stiffness 
matrix. After all local matrices are formed, global stiffness and global geometric 
stiffness matrices are assembled and the lowest eigenvalue of the generalised eigenvalue 
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matrix equation is solved, from which the critical buckling load is calculated. The 
workflow of the modified FSM and the detailed stiffness matrices are shown in the 
Appendix A.  
 
5.2.1 Verification 
The modified FSM program developed in this study is firstly verified by the analytical 
buckling analysis method conducted in  Chapter 4 on the case of flexural buckling 
before carrying out elastic buckling analysis for a CFS channel column member under 
high temperatures. The lateral deflection and rotation along the member are restricted in 
the modified FSM program to achieve the flexural buckling failure mode. The critical 
buckling loads obtained from the analytical method and modified FSM program are 
presented in Figure  5.7. It is shown that the modified FSM results are slightly smaller 
than the analytical results at short member lengths, but the difference is vanished with 
increased member length. The reason is because when the member is short there is an 
interaction between local buckling and global buckling which is considered in the 
modified FSM analysis but not in the analytical analysis. The good agreement between 
the two methods concludes that the modified FSM can be used for the buckling analysis 
of axially loaded members at elevated temperatures.  
 
 
Figure  5.7 Comparison of critical flexural buckling load between analytical results and 
FSM results. Section dimensions: d = 200 mm, b = 75 mm, c = 20 mm, t = 2 mm. 
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5.2.2 Buckling load curves of columns under uniform elevated temperatures 
Figure  5.8 shows the buckling curves and corresponding critical load curve of a channel 
section member subjected to axial loading at room temperature, where m is the number 
of half-waves along the member. The single half-wave buckling curve (red dash-dot 
curve) exhibits two local minima typically associated with local buckling and 
distortional buckling. However, since the buckling curve only provides information 
about when and how the member buckles, the actual critical load curve (blue solid 
curve) should be taken as the lowest value among all buckling curves (black dash 
curves) of the same length. It is seen from Figure  5.8 that the critical load curve 
coincides with the single half-wave buckling curve at two end regions, which indicates 
that the member buckles with a single half-wave when the member is very short or very 
long. In the mid region, however, the critical load curve adopts the lowest points of the 
buckling curves, except in the ending part of the region where the critical load curve is 
slightly lower than the buckling curves due to the interaction between the local and 
global buckling modes.  
 
 
Figure  5.8 Buckling curves and critical load curve of a CFS channel section subjected to 
axial loading at room temperature.  
Section dimensions: d = 200 mm, b = 75 mm, c = 20 mm, t = 2 mm. 
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Figure  5.9 shows the critical buckling loads of a CFS channel column under uniform 
temperatures. Figure  5.9 (a) shows the dimensionless critical buckling loads Pcr/Py,To 
(Pcr is the critical buckling load, Py,To = fy,T0*A is the yield strength of the CFS column at 
room temperature, fy,T0 is the yield stress at ambient temperature, A is the gross cross-
sectional area of the column) of the CFS channel section column. It exhibits the 
buckling load reduces linearly till 200 
o
C, followed with a relatively more serious linear 
descent up to 600 
o
C, which shows a similar trend as the reduction of elastic modulus at 
elevated temperatures (the blue solid curve in Figure  5.14). In order to examine whether 
the material yield has occurred when the column buckles, Figure  5.9 (b) re-plots the 
critical load of the CFS column by using the relative critical buckling load Pcr/Py,T, 
where Py,T = Py,T0 *η is the yield load of the CFS column under high temperature, and η 
is the reduction factor of the yield stress under the corresponding high temperature. It 
exhibits a trend of declining with the rise of temperature till 300 
o
C, then rising up at an 
increasing rate till 600 
o
C. This indicates that the slenderness of the channel-section 
member will decrease with the increase of temperature when the temperature T > 300 
o
C.  
 
The reason for the reversing trend of the relative critical loading is when the 
temperature is lower than 300 
o
C, the elastic modulus according to Kankanamge and 
Mahendran (2011) decreases steadily, while the yield strength varies little, which causes 
the ratio Pcr/Py,T to reduce steadily. The reduction of the yield strength (blue dash-dot 
line) reduces sharply after 300 
o
C and goes even lower than the reduction of elastic 
modulus after 400 
o
C, which leads the ratio Pcr/Py,T to a reverse trend after 300 
o
C. It 
therefore reveals that the buckling behaviour is significantly influenced by the material 
properties. Note that the ratio Pcr/Py,T is calculated based on the stress-strain relationship 
given by (Kankanamge and Mahendran, 2011) in this study. If using the material 
properties given by (EN1993-1-2, 2005), in which the difference between the reduction 
of yield strength and that of elastic modulus is  not very obvious, the trend shown in 
Figure  5.9 (b) may be unobvious.  
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(a) 
 
 
(b) 
 
Figure  5.9 Critical load curves of a CFS channel section subjected to axial loading 
under uniform temperatures. Section dimensions: d = 200 mm, b = 75 mm, c = 20 mm, t 
= 2 mm. (a) Dimensionless critical buckling loads Pcr/Py,To. (b) Relative critical 
buckling load Pcr/Py,T. 
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5.2.3 Buckling load curves of columns under non-uniform elevated temperatures 
When the temperature distribution is uniform, there is no thermal bowing and thus the 
pre-buckling stresses will not vary with the longitudinal axis, which indicates that the 
buckling modes under multiple half-waves are uncoupled. However, when the 
temperature is not uniformly distributed, the pre-buckling stresses are not only non-
uniformly distributed within the cross section due to the variation of Young’s modulus 
but also non-uniformly distributed along the member due to a varying thermal bending 
moment. This indicates that the buckling modes associated with the wave number are 
coupled and the buckling load curve could not be easily taken as the lowest value of 
different buckling curves as shown in Figure  5.8.  
 
Figure  5.10 shows the dimensionless critical buckling loads Pcr/Py,To of the CFS channel 
section column under both linear and nonlinear temperature distributions. The different 
curves shown in the figure are defined by the maximum temperatures occurring in the 
sections. For example, the curve with T = 300 
o
C represents the buckling curve of the 
column when the maximum temperature in any place in the beam reaches 300 
o
C. In 
order to examine the effect of thermal bowing on the buckling behaviour, buckling 
analyses with and without considering the thermal bowing are conducted. The buckling 
loads considering thermal bowing effect are shown by circle markers, while the ones 
without thermal bowing effect are shown by solid curves. It can be seen from the figure 
that the thermal bowing has almost no effect on the local buckling of short members but 
has some positive effect on the local buckling of intermediate members. Also, it can be 
observed from the figure that, the effect of thermal bowing on the global buckling is 
heavily dependent on the beam length. For members that are not very long the thermal 
bowing has a positive effect on the global buckling of the member; however, for 
members that are very long, i.e., high slender members, and with high temperatures the 
thermal bowing can reduce the critical load of global buckling, as is demonstrated in 
Figure  5.10(c). The reason for this is due to the fact that when the member is short, the 
buckling happens on the fire exposed side. The added thermal bowing reduces the stress 
value on the buckling region, which consequently improves the buckling performance. 
However, if the member is long, the buckling happens on the fire unexposed side, as 
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shown in Figure  5.11. The bending caused by thermal bowing weakens the buckling 
performance accordingly. Furthermore, the buckling load decreases gradually with the 
rise of temperature when the temperature distribution is linear. However when the 
temperature distribution is nonlinear within the cross-section, the local buckling load 
exhibits a slightly increase when the temperature is less than 400 
o
C, and then reduces 
considerably later on. In general, the critical buckling load of the CFS column under 
nonlinear temperature distribution is higher than that under the linear temperature 
distributions. 
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(b) 
 
 
(c) 
 
Figure  5.10 Critical buckling load (Pcr/Py,To) of a channel-section column subjected to 
axial loading at various elevated temperatures. Section dimensions: d = 200 mm, b = 75 
mm, c = 20 mm, t = 2 mm. (a) Under linear temperature distributions, (b) under 
nonlinear temperature distributions, and (c) global buckling curves under nonlinear 
temperature distributions. 
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Figure  5.11 Critical buckling modes of a CFS channel column under nonlinear 
temperatures when T=600 
o
C. Section dimensions: d = 200 mm, b = 75 mm, c = 20 mm, 
t = 2 mm. 
 
In order to examine whether the material yield has occurred when the column buckles, 
Figure  5.12 re-plots the critical loads of Figure  5.10 by using the relative critical 
buckling load Pcr/Py,T, where Py,T is the yield/squash load of the CFS column under high 
temperature. Since it is not recommended to use the inelastic capacity of CFS due to the 
high slenderness of the cross-section, the elastic cross-section limit is normally applied 
in the design. The relationship between Py,T and Py,To is shown in Figure  5.13. The blue 
curve exhibits the stress value σy,To according to Figure  5.2(b), while the pink dashed 
curve shows the yield stress fy,T on the cross-section under the corresponding non-
uniform temperature distribution. The area bounded by the blue curve and the axes 
reveals the axial loading Py,T0 on the cross-section. To ensure the cross-section to be 
under elasticity, a reduction factor η, taken as the minimum ratio of fy,T/σy,To, is adopted. 
The yield stress distribution σy,T = σy,To *η is shown as the red curve in Figure  5.13, and 
the yield load Py,T is taken as the area bounded by the red curve and the axes.   
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(a) 
 
 
(b) 
 
Figure  5.12 Relative critical load (Pcr/Py,T) of a channel-section column subjected to an 
axial load at various elevated temperatures. Section dimensions: d = 200 mm, b = 75 
mm, c = 20 mm, t = 2 mm. (a) Under linear temperature distributions, and (b) under 
nonlinear temperature distributions. 
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Figure  5.13 Relationship between Py,T and Py,To. under non-uniform temperatures 
 
It is exhibited in Figure  5.12 that the relative buckling load increases with the rise of 
temperature, due to the fact that Py,T decreases considerably. This indicates that the 
slenderness of the CFS channel-section column decreases under both non-uniform 
temperature distributions. However, Figure  5.12(a) and (b) show considerable 
difference on the relative buckling load with the rise of temperature. It is exhibited in 
Figure  5.12(a) that the relative local buckling load decreases slightly when T < 300 oC 
but increases dramatically afterwards, which is mainly due to the different reduction 
rates of the Young’s modulus and yield strength of the CFS material in the temperature 
regions less and greater than 300 
o
C as shown in Figure  5.14. Whereas in Figure  5.12(b) 
the relative local buckling load exhibits a dramatic rise even at low temperatures, which 
may be due to the highly nonlinear stress distributions under nonlinear temperature 
distributions. Figure  5.12 indicates the importance of using an accurate temperature 
distribution in predicting the buckling behaviour of CFS members in fire.  
 
To sum up the buckling performance of a channel member subjected to axial loading at 
elevated temperatures, the temperature induced reduction of the critical buckling load 
under non-uniform temperatures is not as significantly as that under the uniform 
temperatures. When the temperature distribution is non-uniform, the thermal bowing 
influences the critical buckling load of intermediate and long CFS columns significantly 
but has almost no effect on the buckling behaviour of short members. The critical 
buckling load of intermediate members would be improved when taking into account 
the thermal bowing effect. However when the member is very slender, the buckling 
performance would be deteriorated considerably when the buckling region shifts.  
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Figure  5.14 reduction factors of stress-strain relationship at elevated temperatures 
according to Kankanamge and Mahendran (2011) and EN1993-1-2 (2005)  
 
 Buckling behaviours of channel section beams subjected to transverse loading 5.3
Cold-formed steel sections are commonly used in a purlin-sheeting system to support 
the corrugated roof or wall sheeting and transfer the force to the main structural frame. 
Although the CFS beam members are usually assumed subjected to pure bending in the 
literature as the worst case in the design, uniformly distributed loading is more likely to 
happen in reality. In this study, the critical buckling loads of channel section beams 
subjected to pure bending and uniform distributed loading are discussed under both 
uniform and non-uniform temperatures and the difference between the two loading 
cases are highlighted subsequently. In order to give a better understanding of the 
influence of cross-section dimensions, two cross-sectional sizes are adopted here. One is 
the local buckling dominated cross-section (deep section), the dimensions of which are 
web depth 300 mm, flange width 75 mm, lip length 20 mm, and thickness 2 mm. The 
other is the distortional dominated cross-section (shallow section), the dimensions of 
which are: web depth 200 mm, flange width 75 mm, lip length 20 mm, and thickness 2 
mm.  
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5.3.1 Verification 
A series of elastic buckling analysis for CFS channel members at room temperature or 
uniform high temperatures has been conducted by Kankanamge (2010) using finite 
element analysis (FEA) and the finite strip method (Thin-Wall) (Papangelis and 
Hancock, 1995). Four sections of two steel grades were used in the analyses of 
Kankanamge (2010). Here, only one cross-section type and one steel grade, G450-
110x40x12x1.9, is chosen to compare with the results obtained by using the present 
finite strip method (FSM) in this section. Various member spans have been used to 
cover local, distortional and lateral-torsional buckling modes. Both the buckling loads 
and buckling modes have been compared, as shown in Table  5.1. The results agree well 
in both room temperature and high temperature cases, indicating the finite strip method 
used in this study is reliable.  
 
Table  5.1 Comparison of elastic buckling moments of beam G450-110x40x12x1.9 
(Unit: KN∙m) 
FEA* Thin-Wall* FSM FEA* Thin-Wall* FSM
Local buckling 80 20.983 21.070 22.442 9.344 9.388 9.989
Lateral-distortional 
buckling
1000 9.763 9.762 9.754 4.346 4.343 4.342
1500 4.661 4.668 4.665 2.075 2.077 2.076
2000 2.790 2.797 2.795 1.242 1.244 1.244
2500 1.906 1.912 1.911 0.848 0.851 0.850
3000 1.414 1.422 1.422 0.631 0.633 0.633
3500 1.114 1.121 1.121 0.497 0.499 0.499
4000 0.915 0.921 0.920 0.408 0.410 0.410
Buckling modes
Lengths 
(mm)
T=20 
o
C T=500 
o
C
Lateral-torsional 
buckling
 
* Data was adopted from (Kankanamge, 2010) 
 
5.3.2 Beams subjected to pure bending (PB) 
The buckling analysis of both shallow and deep section channel beams subjected to pure 
bending is conducted in this section. The critical buckling curves and load curve of both 
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beams subjected to pure bending at room temperature are shown in Figure  5.15. It is 
exhibited that, the distortional buckling moment of the shallow section beam is much 
lower than the local buckling moment. The critical load curve, taken as the lowest value 
of all the buckling modes, can be divided into three regions, representing the local 
buckling stage (member length is shorter than 384 mm), distortional buckling stage 
(member length is between 384 mm and 2158 mm), and lateral-torsional buckling stage 
(member length is longer than 2158 mm). However the local buckling moment in the 
deep channel beam is lower than the distortional buckling moment. Therefore the 
critical load curve is dominated by local buckling for most member lengths until lateral-
torsional buckling occurs along the member (member is longer than 2616 mm).  
 
 
(a) 
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(b) 
 
Figure  5.15 Critical buckling curves and load curve of channel section beams subjected 
to PB at room temperature. (a) Section dimensions: d = 200 mm, b = 75 mm, c = 20 
mm, t = 2 mm. (b) Section dimensions: d = 300 mm, b = 75 mm, c = 20 mm, t = 2 mm. 
 
5.3.2.1 Buckling analysis of CFS beams under uniform temperatures 
The critical bending moments of the CFS channel section beams subjected to pure 
bending with the uniform high temperature of up to 600 
o
C are exhibited in Figure  5.16. 
The curves of the critical bending moments of the shallow section beam, as shown in 
Figure  5.16(a), are clearly divided into three stages. The critical bending moment 
reduces steadily with the rise of the temperature, but the ranges of three buckling modes 
are not changed as temperature rises. Furthermore, the reduction of critical local 
buckling load under high temperature is more significant than that of the critical 
distortional buckling load. The difference between the critical local and distortional 
buckling moments is unobvious when the temperature reaches 600 
o
C. It is shown in 
Figure  5.16(b) that the deep section channel beam is dominated by local buckling until 
the member is very long, and the local buckling moment of a deep section beam is 
significantly lower than that of the shallow section beam shown in Figure  5.16(a). 
Furthermore, Figure  5.17 shows the same trend as that given by the CFS columns in 
Figure  5.9.  
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 (a) 
 
 
(b) 
 
Figure  5.16 Critical buckling moment (Mcr/My,To) of a CFS section channel subjected to 
PB under uniform temperatures.  
(a) Section dimensions: d = 200 mm, b = 75 mm, c = 20 mm, t = 2 mm.  
(b) Section dimensions: d = 300 mm, b = 75 mm, c = 20 mm, t = 2 mm. 
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(a) 
 
 
(b) 
 
Figure  5.17 Relative critical buckling moment (Mcr/My,T) of a CFS channel section beam 
subjected to PB under uniform temperatures.  
(a) Section dimensions: d = 200 mm, b = 75 mm, c = 20 mm, t = 2 mm.  
(b) Section dimensions: d = 300 mm, b = 75 mm, c = 20 mm, t = 2 mm. 
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Some typical buckling modes of the shallow section beams under room temperature and 
600 
o
C are shown in Figure  5.18, which reveals no buckling mode change with the rise 
of temperature. The member buckles locally on the web when the member length is 
very short. If the member is longer than 384 mm, distortional buckling appears to be the 
critical buckling mode until the member length exceeds 2158 mm, after which lateral-
torsional buckling becomes dominant.  
 
 
Figure  5.18 Critical buckling modes of a CFS section channel subjected to PB under 
uniform temperatures.  
Section dimensions: d = 200 mm, b = 75 mm, c = 20 mm, t = 2 mm. 
 
5.3.2.2 Buckling analysis of CFS beams when fire is exposed on the tension side 
This section is to investigate the fire performance of a purlin-sheeting system with the 
tensile flange exposed to fire. The critical buckling moments of a shallow section 
channel beam under linear and nonlinear temperature distributions are shown in 
Figure  5.19. It is exhibited that when the temperature distribution is linear, the critical 
local buckling moment does not vary obviously with the rise of temperature, while the 
distortional buckling moment increases steadily as the temperature rises. However when 
the temperature distribution is nonlinear, the local buckling moment fluctuates 
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obviously with the rise of temperature, but the distortional buckling moment increases 
steadily with the rise of temperature, which goes above the local buckling moment later 
on. This is revealed through Figure  5.19(b) that the distortional buckling region is 
replaced by local buckling when temperature arrives 600 
o
C. Although temperature 
distribution has a significant influence on the local and distortional buckling of CFS 
channel beam members, it does not affect the lateral-torsional buckling moment 
obviously. A slight decrease of the critical lateral-torsional buckling moment has been 
exhibited with the rise of temperature under both temperature distributions.  
 
Figure  5.20 re-plots the critical buckling moments of CFS beams by using the relative 
critical buckling moment Mcr/My,T, where My,T is the yield moment of the CFS beam 
under high temperature. The same method in determining the yield stress distribution in 
columns as shown in Figure  5.13 have been used here in CFS beams. It can be seen 
from the figure that, due to the value of My,T decreases with increased temperature, the 
relative critical moment increases with increased temperature. This indicates that the 
slenderness of the channel-section beam will decrease with the increase of temperature. 
However, although the relative buckling moment increases with the rise of temperatures 
in both cases, their variation is different. When the CFS beam is under linear 
temperature distributions, the relative critical moment does not increase obviously until 
the temperature exceeds 300 
o
C. Note that the relative critical moment curves for T < 
300 
o
C are not corresponding to the order of the temperatures although the difference 
between them is rather small. This is mainly due to the different reduction rates of 
Young’s modulus and yield strength of the CFS material in the temperature regions less 
and greater than 300 
o
C (see Figure  5.14). However when the temperature distribution is 
nonlinear, the relative critical moment rises remarkably even at low temperatures. It is 
revealed that the slenderness of the member is influenced by the temperature 
distributions significantly. Similar conclusions could be raised from the later cases as 
well. Therefore the figures of the relative critical moments are not plotted for the cases 
later on.  
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(a) 
 
 
(b) 
 
Figure  5.19 Critical buckling moments (Mcr/My,To) of a shallow channel section beam 
subjected to PB when the fire is exposed to the tensile side.  
Section dimensions: d = 200 mm, b = 75 mm, c = 20 mm, t = 2 mm.  
(a) Linear temperature distributions. (b) Nonlinear temperature distributions. 
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(a) 
 
 
(b) 
 
Figure  5.20 Relative critical moment (Mcr/My,T) of a channel-section beam subjected to 
PB at various elevated temperatures.  
Section dimensions: d = 200 mm, b = 75 mm, c = 20 mm, t = 2 mm.  
(a) Linear temperature distributions. (b) Nonlinear temperature distributions. 
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The critical buckling moments of a deep channel section member subjected to pure 
bending are shown in Figure  5.21. It is interesting to note that the critical local buckling 
moment is slightly improved with the rise of temperature, which is due to the fact of the 
shift of neutral axis under high temperatures.  
 
 
(a) 
 
(b) 
Figure  5.21 Critical buckling moments (Mcr/My,To) of a deep channel section beam 
subjected to PB when the fire is exposed to the tensile side.  
Section dimensions: d = 300 mm, b = 75 mm, c = 20 mm, t = 2 mm.  
(a) Linear temperature distributions. (b) Nonlinear temperature distributions. 
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5.3.2.3 Buckling analysis of CFS beams when fire is on the compression side 
For an effective and practical design, the wind uplift loading is always considered as a 
main aspect of loading. When it is exposed to fire, the uplift loading causes a 
compression on the fire exposed side, which brings in a significantly different stress 
distribution according to the pre-buckling analysis, compared with that when fire is on 
the tensile side. Therefore investigation in the buckling performance of CFS beam 
members with compressive flange exposed to fire is of great significance for 
understanding the structural behaviour of CFS in fire. This section is to demonstrate the 
critical buckling behaviour of CFS channel section members with the compressive 
flange exposed to fire. 
 
The critical buckling moments of a shallow section member subjected to pure bending 
when fire is exposed to the compressive flange are exhibited in Figure  5.22. A 
comparison with Figure  5.19 shows the critical bending moment reduces significantly 
with the rise of temperature when fire is exposed on the compressive side. The 
reduction of the critical buckling moment under linear temperature distributions is more 
serious than that under nonlinear temperature distributions. The distortional buckling, 
which is dominated in intermediate members at room temperature, is replaced by local 
buckling when the temperature arrives 600 
o
C. This is confirmed by the buckling modes 
shown in Figure  5.23. Furthermore, the reduction of the distortional buckling moment is 
more remarkable under the linear temperature distributions than that under the nonlinear 
temperature distributions.  
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(a) 
 
 
(b) 
 
Figure  5.22 Critical buckling moments (Mcr/My,To) of a shallow channel section beam 
subjected to PB when the fire is exposed to the compression side.  
Section dimensions: d = 200 mm, b = 75 mm, c = 20 mm, t = 2 mm.  
(a) Linear temperature distributions. (b) Nonlinear temperature distributions. 
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Figure  5.23 Critical buckling modes of a shallow channel section subjected to PB when 
the fire is exposed to the compressive side.  
Section dimensions: d = 200 mm, b = 75 mm, c = 20 mm, t = 2 mm. 
 
The critical buckling modes of the CFS shallow channel beam at both room temperature 
and 600 
o
C under linear temperatures are shown in Figure  5.23. It exhibits that the 
buckling happens at the compressed web and flange when the member length is shorter 
than 349.21 mm at room temperature. The buckling mode shifts to distortional buckling 
when the member is longer than 349.21 mm. However, the distortional buckling at 
room temperature is replaced by local buckling when the temperature is 600 
o
C. The 
reason for the shift of buckling mode from distortional buckling to local buckling may 
be the region of compression on the web has been extended obviously due to the 
reduction of material properties at elevated temperatures, which significantly increases 
the local buckling span and consequently reduces the critical local buckling moment 
significantly.  
 
The critical buckling moment of the deep channel section beam reduces steadily with 
the rise of temperature when the temperature distribution is linear, according to 
Figure  5.24(a). However when the temperature distribution is nonlinear, the trend of 
critical buckling moment is not very stable for short and intermediate member spans. 
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The critical buckling moment increases until the temperature exceeds 200 
o
C for 
intermediate member spans, after which the buckling moment drops down remarkably. 
The reason of the change of the buckling moment has been found to be the shift of the 
buckling modes, as shown in Figure  5.25 and Figure  5.26. Because the local and 
distortional buckling moments are very close for the big section members (shown in 
Figure  5.26), and they change differently at elevated temperatures, the overall minimum 
critical buckling moment for an intermediate member is attributed to local buckling 
mode when the temperature is lower than 200 
o
C, and the mode changes to distortional 
buckling until 500 
o
C.  
 
Similar critical lateral-torsional buckling moments have been found for very long 
members under both linear and nonlinear temperature distributions. However when the 
member is under nonlinear temperature distributions, the lateral-torsional buckling 
region is shown to expand slightly to the intermediate member lengths.  
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(b) 
 
Figure  5.24 Critical buckling moments (Mcr/My,To) of a deep channel section beam 
subjected to PB when the fire is exposed to the compression side.  
Section dimensions: d = 300 mm, b = 75 mm, c = 20 mm, t = 2 mm.  
(a) Linear temperature distributions. (b) Nonlinear temperature distributions. 
 
 
(a)      (b) 
0.09 0.3 0.6 0.9 3 6 9 12 15
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
Member length, m
M
c
r/
M
y
,T
0
 
 
T=20oC
T=100oC
T=200oC
T=300oC
T=400oC
T=500oC
T=600oC
122 
 
 
(c)      (d) 
Figure  5.25 Critical buckling modes of a deep channel section member with a length of 
1m subjected to PB when the fire is exposed to the compressive side.  
Section dimensions: d = 300 mm, b = 75 mm, c = 20 mm, t = 2 mm.  
(a) T=20 
o
C. (b) T=100-200 
o
C. (c) T=300-500 
o
C. (d) T=600 
o
C.  
 
 
Figure  5.26 Critical buckling curves against the half wave-lengths of a deep channel 
section subjected to PB when the fire is exposed to the compressive side. 
Section dimensions: d = 300 mm, b = 75 mm, c = 20 mm, t = 2 mm.  
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5.3.3 Beams subjected to uniformly distributed loading (UDL) 
 
5.3.3.1 Buckling analysis of CFS beams under uniform temperatures 
Figure  5.27 shows the dimensionless critical moments (Mcr = ql
2
/8 is the critical 
bending moment at the middle of the beam subjected to UDL, My,To = 2yoIz/d is the 
yield moment of the beam, yo is the yield stress at ambient temperature, Iz is the second 
moment of cross-sectional area of the beam about z-axis) of the two channel-section 
beams under uniform temperatures. The critical bending moment decreases steadily 
with the increase of the member length. For the shallow section beam (d = 200 mm) 
there are three regions, which are defined in terms of the beam length, representing the 
local, distortional and lateral-torsional buckling; while for the deep section beam (d = 
300 mm) only two regions are observed, representing the local and lateral-torsional 
buckling. In the local buckling region the critical moment is found to decrease with 
increased beam length until it reaches a minimum value after which it keeps unchanged, 
whereas in the distortional buckling region the critical moment decreases with increased 
beam length until the buckling mode changes to lateral-torsional buckling mode in 
which case the decrease becomes fast. The reason of reduction in the critical moment of 
local and distortional buckling is due to the parabolic distribution of pre-buckling stress 
along the beam length, which has been explained previously by Chu et al. (2005).  
 
When comparing Figure  5.27 with the members subjected to PB as shown in 
Figure  5.16, it is found that the critical bending moment is higher than that of the same 
beam subjected to PB. The boundaries between two buckling regions in the case of the 
shallow section beam (Figure  5.27(a)) are not as obvious as those in the PB case, which 
appears to be even more vague as temperature rises. Furthermore, the buckling modes 
of intermediate members are significantly affected by the loading method. The 
distortional buckling is the dominated buckling mode of a shallow channel section with 
intermediate length subjected to PB, whereas the local buckling region is remarkably 
expanded to the intermediate member lengths when the beam is subjected to UDL.  
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(a) 
 
 
(b) 
 
Figure  5.27 Critical buckling moments of CFSs channel beams subjected to UDL under 
uniform temperatures.  
(a) Section dimensions: d = 200 mm, b = 75 mm, c = 20 mm, t = 2 mm.  
(b) Section dimensions: d = 300 mm, b = 75 mm, c = 20 mm, t = 2 mm. 
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Some typical buckling modes have been shown in Figure  5.28. Local buckling happens 
on the web and compressive flange when the member is short, which moves to multiple 
half-waves of local buckling interacted with distortional buckling when the member 
length is around 910 mm. Lateral-torsional buckling happens when the member length 
is longer than 2158 mm. The half-wavelengths are different along the member when 
multiple half-waves are involved in a buckled member, which is due to the variation of 
axial compression stresses along the member length. 
 
 
 
Figure  5.28 Critical buckling modes of a shallow channel section subjected to UDL 
under uniform temperatures.  
Section dimensions: d = 200 mm, b = 75 mm, c = 20 mm, t = 2 mm.  
 
5.3.3.2 Buckling analysis of CFS beams when fire is on the tensile side 
Figure  5.29 and Figure  5.30 show the dimensionless critical moments of the two 
channel-section beams when fire is exposed on the tensile flange, which exhibits that 
the critical moment decreases generally with the beam length. It is interesting to notice 
that the effect of temperature T on the critical moment is almost negligible, although 
there is a slight increase of distortional buckling moment with the rise of temperatures 
in the shallow channel section shown in Figure  5.29. This is probably due to the low 
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temperature in the compression zone since the fire exposed surface is on the tension side 
of the beam. Although the temperature increases in the tension zone the temperature in 
the compressed flange remains low, as is demonstrated in Figure  5.1.  
 
 
(a) 
 
(b) 
 
Figure  5.29 Critical buckling moments (Mcr/My,To) of a shallow channel section beam 
subjected to UDL when the fire is exposed to the tension side.  
Section dimensions: d = 200 mm, b = 75 mm, c = 20 mm, t = 2 mm.  
(a) Linear temperature distributions. (b) Nonlinear temperature distributions. 
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(a) 
 
 
(b) 
 
Figure  5.30 Critical buckling moments (Mcr/My,To) of a deep channel section beam 
subjected to UDL when the fire is exposed to the tension side.  
Section dimensions: d = 300 mm, b = 75 mm, c = 20 mm, t = 2 mm.  
(a) Linear temperature distributions. (b) Nonlinear temperature distributions. 
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5.3.3.3 Buckling analysis of CFS beams when fire is on the compression side 
The critical buckling moments of the shallow section member subjected to uplift 
uniform distributed loading are shown in Figure  5.31, which reveals the local buckling 
moment drops more significantly than the distortional buckling load under both linear 
and nonlinear temperature distributions. The distortional buckling region is replaced by 
local buckling when the temperature arrives 600 
o
C.  
 
The critical buckling moment of a deep channel section member reduces steadily with 
the rise of temperature as shown in Figure  5.32(a), when the member is subjected to 
UDL under linear temperature distributions. However, the critical local buckling 
moment increases considerably until the temperature exceeds 200 
o
C when the member 
is under nonlinear temperature distributions, as shown in Figure  5.32(b).  
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(b) 
 
Figure  5.31 Critical buckling moments (Mcr/My,To) of a shallow channel-section beam 
subjected to UDL when the fire is exposed to the compression side.  
Section dimensions: d = 200 mm, b = 75 mm, c = 20 mm, t = 2 mm.  
(a) Linear temperature distributions. (b) Nonlinear temperature distributions. 
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(b) 
 
Figure  5.32 Critical buckling moments (Mcr/My,To) of a deep channel section beam 
subjected to UDL when the fire is exposed to the compression side.  
Section dimensions: d = 300 mm, b = 75 mm, c = 20 mm, t = 2 mm.  
(a) Linear temperature distributions. (b) Nonlinear temperature distributions. 
 
 Conclusions 5.4
A numerical investigation on the buckling behaviour of plasterboard protected CFS 
channel-section columns/beams under both uniform and non-uniform temperature 
distributions has been carried out in this chapter. The non-uniform temperature 
distributions are based on the heat transfer analysis accomplished in  Chapter 3 by using 
two-dimensional finite element analysis methods. Both linear and nonlinear temperature 
distributions have been considered and their corresponding effects on the critical 
buckling load have been discussed. The pre-buckling analysis has been completed by 
using the Bernoulli bending theory considering the effects of temperature on both strain 
and mechanical properties. The buckling analysis has been performed by using 
combined FSM and classical Fourier series solutions, in which the mechanical 
properties are considered to be temperature dependent. From the results obtained the 
following conclusions can be drawn:  
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The pre-buckling stress distributions are significantly affected by the temperature 
distributions on the cross-section. With the same axial load and maximum temperature 
on the cross-section of a CFS channel section column, a nonlinear temperature 
distribution causes a much higher value of the maximum compressive stress, which may 
lead to an earlier material yield. For CFS channel section beams, due to the nonlinear 
thermal expansion, the nonlinear temperature distribution brings in an additional 
bending, which makes the stress distributions of a CFS channel beam when fire is 
exposed to the tension side different from that when fire is exposed to the compression 
side.  
 
Thermal bowing influences the critical buckling load of intermediate and long CFS 
columns significantly but has almost no effect on the buckling behaviour of short 
members. The critical buckling load of intermediate members would be improved when 
taking into account the thermal bowing effect. However when the member is very 
slender, the buckling performance would be deteriorated considerably.  
 
Non-uniform temperature affects the buckling moment and buckling mode of CFS 
channel beams remarkably. The distortional buckling moment of a CFS shallow channel 
beam increases with the rise of temperature under non-uniform temperature 
distributions when fire is exposed to the tension side. The critical local buckling 
moment fluctuates considerably under nonlinear temperature distributions, although it 
does not vary much under the linear temperature distributions. However, when fire is 
exposed to the compression side, the reduction of the local buckling moment is more 
remarkable than the critical distortional buckling moment. Shift of buckling modes 
happens in CFS shallow channel section beams under some non-uniform high 
temperature distributions.  
 
The temperature variation within the section has a significant influence on the 
calculation of the critical buckling load/moment and the slenderness of the CFS 
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members. The use of accurate temperature distributions is of great importance for 
accurately predicting the buckling behaviour of CFS columns/beams.  
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CHAPTER 6 – FINITE ELEMENT MODELLING OF COLD-
FORMED STEEL BEAMS AT ELEVATED TEMPERATURES 
 
 Introduction 6.1
The elastic buckling behaviour of CFS members at elevated temperatures have been 
addressed in Chapter 5. However, for some cases the critical buckling load of a member 
may not necessarily be the failure load of the member. This is particularly so for CFS 
members of short and intermediate member lengths. The former is due to the failure that 
is usually caused by the yielding of materials; while the latter is due to the interactive 
effects of inelastic material properties and initial imperfections. The situation becomes 
even more complicated when high temperatures are involved because the nonlinear 
stress-strain relation of CFS material was observed at elevated temperatures and the 
thermal action can affect the buckling behaviour of CFS members. In order to fully 
understand the fire performance of CFS members, experimental and numerical methods 
are always used to investigate the failure models of CFS members at elevated 
temperatures. Due to the practical difficulties of experimental studies, numerical method 
has been increasingly adopted.  
 
The failure models of CFS beams at elevated temperatures are rather vague, although 
the fire performance of CFS columns has been increasingly studied recently. 
Furthermore, existing studies on the fire performance of CFS beams are mainly based 
on uniform temperature distributions, and there is very little work on the CFS beams 
under non-uniform temperatures; the latter usually happens in a plasterboard-protected 
roof system. This chapter is therefore to develop a FEA model to investigate failure 
models of one-side protected CFS beams under both uniform and non-uniform 
temperatures. The simplified linear and nonlinear temperature distributions presented in 
Chapter 5 are used in this chapter as the non-uniform temperature distributions.  
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Details of developing suitable FEA models to address ultimate moment capacities of 
CFS beams at elevated temperatures, and the validation of the developed models have 
been given in this chapter, followed by the parametric studies in which the effects of the 
temperature distributions are discussed. Furthermore, the currently available design 
methods based on DSM are also examined and recommendations for the designing of 
CFS beams at elevated temperatures are made at the end of this chapter.  
 
 Numerical modelling 6.2
There are two methods to carry out finite element analysis of CFS members at elevated 
temperatures: transient state method and static state method. The former method 
indicates the load applies to the member first, followed by the increasing temperatures, 
while the latter one means that the temperature within the member is increased to a 
certain degree, and then the load is applied. The transient state method is more practical 
and follows the experimental and real structural condition, while the static state method 
is more convenient for the development of design methods. In this study both methods 
are applied. The transient state method is adopted in the sensitive studies in order to 
reveal the real effects of stress-strain relationships and temperature distributions on the 
ultimate moment capacities of CFS beams at elevated temperatures. The static state 
method is used in the parametric studies to investigate the ultimate moment capacity-
slenderness relationship for certain temperature distributions. Details of the models are 
shown in the following sections.  
 
6.2.1 Geometry 
Two cross-sectional dimensions, 200x75x15x2 mm and 300x75x15x2 mm were 
adopted in this chapter. The member lengths vary from 1 m to 9 m aiming to investigate 
the ultimate moment capacities and buckling modes of CFS beams under different 
slenderness. The geometrical sketches of the two 3 m CFS beams are shown in 
Figure  6.1. 
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Figure  6.1 Geometry of CFS beams with the half span of 1.5 m. 
(a) Section dimensions: d = 200 mm, b = 75 mm, c = 20 mm, t = 2mm. 
(b) Section dimensions: d = 300 mm, b = 75 mm, c = 20 mm, t = 2mm. 
 
6.2.2 Element type and mesh 
ANSYS is adopted to carry out numerical modelling of CFS beams. The four-noded 
shell element (Shell 181) is employed to build the model. A mesh size of 5x10 mm is 
used for long beams and 5x5 mm is used for short beams. A typical mesh of a long 
beam is shown in Figure  6.2 (a).  
 
    
(a)       (b) 
Figure  6.2 Mesh and constraint equations of CFS beams with the half span of 1.5 m. 
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6.2.3 Boundary conditions and loading 
Simply supported boundaries are applied in the model. Due to the symmetry, half span 
of the CFS beam is used to reduce the number of elements and nodes as well as the 
running time. The displacement boundary conditions are applied to all nodes at the two 
ends, as shown in Figure  6.3. The lateral and transverse deflections and twist are 
restrained (vy=0, vz=0 and θx=0) at the simply supported end, while the symmetric 
boundary condition is applied at the other end by restricting the axial displacement and 
rotations about the two axes within the cross-section (u=0, θy=0, and θz=0). Constraint 
equations (shown in Figure  6.2(b)) are applied to all nodes on the simply supported end 
to couple the nodal displacements and rotations to the shear centre of the cross-section 
to facilitate the application of the moment.  
 
 
(a)      (b) 
Figure  6.3 Boundary conditions of CFS beams with the half span of 1.5 m. 
 
6.2.4 Material models 
Kankanamge (2010) has carried out tensile coupon tests for G250 and G450 CFS 
materials under high temperatures to investigate the reductions of the material 
properties at elevated temperatures and the variation of the stress-strain relationship. A 
considerable difference of the reductions of the material properties has been revealed 
between the test results and the recommendation given by EN1993-1-2. The mechanical 
137 
 
properties of G450 with the thickness of 1.9 mm are adopted in this study (see 
Table  6.1) for both verification and parametric models.  
 
Although linear elastic-perfect plastic stress-strain relationship is commonly used due to 
the thin thickness of CFS members, the stress-strain relationship is found to be 
increasingly nonlinear with the rise of temperatures (Kankanamge, 2010). It has been 
realised that the nonlinear stress-strain relationship influences the moment capacity of 
CFS beams significantly under uniform temperatures, especially those with intermediate 
slenderness. However the effect of stress-strain relationship on CFS beams under non-
uniform temperatures is still unclear. Using a 3 m CFS channel beam with both small 
and big cross-sections subjected to linear or nonlinear temperature distributions within 
the cross-section, the effect of material models on the moment capacity of CFS beams 
under non-uniform temperatures is studied in this section. Both elastic-perfect plastic 
stress-strain relationship and nonlinear stress-strain relationship, plotted in Figure  6.4 
have been applied in the FEA model. Multi-linear stress-strain curve is used to define 
the nonlinear material, and bilinear stress-strain curve is applied in the elastic-perfect 
plastic material model. 
 
Table  6.1 Mechanical properties used in the model (adopted from (Kankanamge, 2010)) 
20 515.0 206.0
100 514.8 192.2
200 510.0 175.0
300 489.3 147.3
400 357.5 119.5
500 201.2 91.7
600 56.7 63.9
700 36.1 36.1
800 15.5 8.2
Tempearature   
(ºC)
f y      
(Mpa)
E      
(Gpa)
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Figure  6.4 Stress-strain relationship of CFS material at elevated tempertaures. 
 
The ultimate failure temperatures of the beams under various temperature distributions 
are plotted in Figure  6.5 in comparison of the ultimate failure temperature under 
uniform temperatures. The loading ratios of 0.2 to 0.9 of the ultimate moment at room 
temperature are applied in the study. It is shown that the nonlinear stress-strain 
relationship results in considerably lower moment capacity under uniform temperatures, 
especially those with lower loading ratios. However when the temperature distribution 
is non-uniform, there is not a significant difference by using different stress-strain 
relationship, although the nonlinear stress-strain relationship usually leads to a slightly 
higher moment capacity than the linear stress-strain relationship, which is because the 
strain hardening is only considered in the nonlinear stress-strain relationship. In this 
chapter the nonlinear stress-strain relationship is applied to CFS beams under both 
uniform and non-uniform temperature distributions. 
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(a) 
 
(b) 
Figure  6.5 Effects of stress-strain relationship and temperature distributions on failure 
temperatures of CFS beams. 
(a) Section dimensions: d = 200 mm, b = 75 mm, c = 20 mm, t = 2mm. 
(b) Section dimensions: d = 300 mm, b = 75 mm, c = 20 mm, t = 2mm. 
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
100
200
300
400
500
600
700
M/M
cr,20
F
a
ilu
re
 t
e
m
p
e
ra
tu
re
, 
o
C
 
 
Uniform temperature
Linear temperature
Nonlinear temperature
Linear - relationship
Nonlinear - relationship
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
100
200
300
400
500
600
700
M/M
cr,20
F
a
ilu
re
 t
e
m
p
e
ra
tu
re
, 
o
C
 
 
Uniform temperature
Linear temperature
Nonlinear temperature
Linear - relationship
Nonlinear - relationship
140 
 
 
6.2.5 Geometric imperfections 
Geometric imperfections have been found to affect the ultimate moment capacity of 
CFS beams under uniform temperatures significantly, by both the direction and 
magnitude of the initial imperfection (Kankanamge, 2010). However the effect of 
geometric imperfections on the ultimate capacity of CFS beams under non-uniform 
temperatures has not yet been discussed in the previous literature. In order to investigate 
the effect of imperfections on ultimate moment capacity of CFS beams under non-
uniform temperatures, a CFS beam with a cross-section of 300x75x200x2 with a span 
length of 0.5 m under various geometric imperfection varying from -2t to 2t for local 
buckling (t is the thickness), and a member with a cross-section of 200x75x20x2 and a 
span length of 3 m under various geometric imperfections varying from –L/500 to 
L/500 for lateral-torsional buckling have been studied respectively.  
 
The initial geometric imperfection is introduced in the nonlinear FEA model by using 
the lowest eigen-mode obtained from the elastic buckling analysis. Nonlinear stress-
strain relationship is adopted in the study. Both linear and nonlinear temperature 
distributions with the maximum temperatures of 200 
o
C and 400 
o
C are studied. 
Uniform temperature distribution is included as well aiming for the comparison. The 
ultimate moment capacity results are given in Table  6.2 and Table  6.3 for local and 
global buckling respectively.  
 
It is shown that by introducing a local geometric imperfection, the ultimate moment 
capacity reduces steadily, regardless of the temperature distribution. Therefore the 
thickness t is taken as the geometric imperfection for local and distortional buckling in 
this chapter.  
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Table  6.2 Ultimate moment capacities of a big section CFS beam of 0.5 m length under 
various imperfection magnitudes. (unit: KN*m) 
UniformT LinearT NonlinearT UniformT LinearT NonlinearT
-2t 18.399 20.803 21.786 11.598 20.511 21.816
-1.5t 18.967 21.604 22.818 11.892 21.756 22.919
-t 19.9 22.864 24.314 12.438 23.548 24.425
-0.5t 21.4 24.588 26.753 12.806 24.314 26.813
0 23.933 28.949 31.487 13.051 29.257 29.819
0.5t 23.963 24.194 26.49 13.628 25.754 26.819
t 13.53 21.786 23.706 11.161 21.354 23.838
1.5t 13.256 20.38 22.131 10.498 19.78 22.29
2t 13.903 19.48 21.033 11.391 13.015 21.154
T=200 °C T=400 °CImperfection 
scales
 
 
For the members subjected to lateral-torsional buckling, the ultimate moment capacity 
reduces remarkably under uniform temperatures when imperfection is considered, 
regardless of the imperfection magnitude. Although the ultimate moment capacity 
reduces with the increase of the imperfection magnitude, the reduction is not significant.  
 
Table  6.3 Ultimate moment capacities of a small section CFS beam of 3 m length under 
various imperfection magnitudes. (unit: KN*m) 
UniformT LinearT NonlinearT UniformT LinearT NonlinearT
-L/500 8.3866 11.05 14.24 5.0308 13.656 12.136
-L/1000 9.587 12.683 13.809 5.739 14.017 11.845
-L/2000 10.458 14.746 13.602 6.2937 13.772 11.656
-L/5000 11.2 15.597 13.493 6.875 13.591 11.589
0 13.09 15.438 13.092 10.107 13.504 11.523
L/5000 13.05 15.262 13.313 7.9506 13.391 11.476
L/2000 12.863 15.121 13.208 7.7869 13.25 11.377
L/1000 12.561 14.857 13.032 7.6341 13.035 11.256
L/500 12.138 14.387 12.688 7.4813 12.701 10.899
T=200 °C T=400 °CImperfection 
scales
 
 
The imperfection shows a remarkable influence on the ultimate moment capacity of 
CFS beams under linear temperature distributions when the maximum temperature is 
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low (200 
o
C), which follows the trend of the CFS beam under uniform temperatures. 
However the effect of imperfections is not obvious when the maximum temperature 
reaches 400 
o
C. When the temperature distribution is nonlinear, the imperfection does 
not influence the ultimate moment capacity obviously, although introducing a negative 
imperfection could increase the ultimate moment capacity slightly (less than 5%). 
 
The negative imperfection (demonstrated in Figure  6.6) leads to a lower moment 
capacity than the positive imperfection, which is the same as that was concluded by 
Kankanamge (2010). However, when the temperature distribution is non-uniform, 
especially when the temperature is high (400 
o
C in this case), introducing a negative 
imperfection results in a higher moment capacity than a positive imperfection (see 
Table  6.3). It is because when the temperature is uniform, the member fails in the 
negative direction, as shown in Figure  6.13, while the member fails in the positive 
direction when the temperature distribution is non-uniform.  
 
 
Figure  6.6 Positive and negative geometric imperfections (adopted from Kankanamge 
(2010)) 
 
Since there is not an identical effect of imperfections on the moment capacities of CFS 
beams under non-uniform temperatures, the imperfection is included in all models in 
this chapter. A negative geometric imperfection with the magnitude of L/1000 is 
adopted as suggested by Kankanamge (2010).  
 
 
Figure has been removed due to Copyright restrictions. 
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6.2.6 Temperature distributions 
The temperature distribution in a one-side protected member subjected to fire on one 
side has been found to be highly nonlinear within the cross-section, and the temperature 
distribution has a considerable influence on the elastic buckling moment of a CFS beam 
member as shown in Chapter 5. Furthermore, it is also revealed in Figure  6.5 that the 
temperature distribution has a significant influence on the ultimate moment capacity of 
a 3 m CFS beam at elevated temperatures. The failure temperature of the CFS member 
under uniform temperature distribution decreases steadily with the increasing loading 
ratio, which however does not vary obviously with the increasing loading ratio when the 
temperature distribution is linear. The failure temperature of the small section member 
keeps over 500 
o
C even when the loading ratio is 0.9. It comes to the same conclusion 
as shown in Chapter 5 that the ultimate capacity of the beam member is mainly 
dependent on the material properties in the compression region.  
 
The failure temperature of the big section member under nonlinear temperatures drops 
significantly when the loading ratio is high, which has been found to be due to the 
change of buckling mode. When the loading ratio is lower than 0.7, the member buckles 
lateral-torsionally. However, when the loading ratio is higher than 0.7, local buckling 
happens along with the lateral-torsional buckling, which reduces the buckling moment 
capacity significantly. The buckling modes of the big-section member when loading 
ratio is 0.6 and 0.8 are shown in Figure  6.7. The occurring of the local buckling is 
because the high stress value within the cross-section under nonlinear temperature 
distributions as shown in Chapter 5, which leads to a local failure of the member under 
high loading ratios. Due to the significant influence of temperature distributions on the 
ultimate moment capacity of CFS beams, both linear and nonlinear temperature 
distributions are discussed in the following parametric studies.  
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(a)       (b) 
 
Figure  6.7 Buckling modes of a 3 m CFS beam under nonlinear temperature 
distributions. Section dimensions: d = 300 mm, b = 75 mm, c = 20 mm, t = 2mm. 
(a) 0.6 loading ratio (magnification factor: 9.2). (b) 0.8 loading ratio (magnification 
factor: 9). 
 
 Validation of FEM 6.3
When conducting numerical studies, validation of the numerical model is necessary and 
important aiming for a reliable model. Although experimental work is generally adopted 
to verify the numerical model, none of the current available experiments on the buckling 
behaviour of CFS beams is sufficient for validation. Kankanamge (2010) carried out 
tests of CFS beams at ambient temperature, which it was found to provide higher 
buckling moment than the FEA model due to the possible restraints introduced by the 
loading arms. His FEA model was further verified by the FEA results of CFS channel 
beams conducted by Pi et al. (1997) and experimental results of hot-rolled channel 
beams conducted by Poutre (1999) at ambient temperatures. Laím et al. (2014) have 
recently carried out experimental studies on CFS beams under uniform temperatures. 
However the material properties of the tested members were not well presented in the 
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paper, which therefore is not applicable in this chapter for the verification of the FEA 
model.  
 
Due to the insufficiency of the experimental data of CFS beams at elevated 
temperatures, the FEA results conducted by Kankanamge (2010) are used to verify the 
FEA model developed in this chapter. Two models were presented in his work to study 
the bending capacities of CFS beams under uniform temperatures, as shown in 
Figure  6.8. One is for long beams governed by lateral-torsional buckling, in which the 
nodal force was used to create a moment loading. However this model is limited to long 
beam spans due to the stress concentration when nodal force is applied to the short 
beam model. Therefore a separate FEA model, based on the four-point bending, was 
built for the short beams which are related to local buckling and material yield. Rigid 
body was used for applying loading at the shear centre of the cross-section 
(Kankanamge, 2010). However in this chapter an identical FEA model is built for both 
long and short beams at elevated temperatures by using constraint equations to couple 
all nodes on the end to the shear centre to facilitate the moment application. Details of 
the model have been shown in the previous section.  
 
For the verification of the FEA model developed in this chapter, simply supported short 
beams with the cross-section of 80x40x15x1.9 mm and spans of 100 mm and 500 mm, 
and long beams with the cross-section of 115x40x15x1.9 mm and spans of 1800 mm 
and 2500 mm were adopted in this chapter. The geometry was built based on half 
member span considering the symmetry of the model. Figure  6.9 shows the geometry 
models of both the short and long beams. Material properties, element type, mesh sizes, 
loading method and boundary conditions are the same as that have been presented in the 
previous section. A negative initial imperfection of L/1000 was applied in the model for 
lateral-torsional buckling (long beams) and a magnitude of 0.006 of the web width was 
introduced for local-buckling (short beams), which were in consistence with 
Kankanamge’s model (Kankanamge, 2010).  
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(a) 
 
(b) 
Figure  6.8 Ideal FEA models developed from Kankanamge (2010) 
(a) Lateral-torsional buckling model. (b) Local buckling model. 
 
 
(a)       (b) 
Figure  6.9 Geometrical sketch of the verification FEA model Kankanamge (2010) 
(a) Short beam. Section dimensions: d = 80 mm, b = 40 mm, c = 15 mm, t = 1.9 mm. 
(b) Long beam. Section dimensions: d = 115 mm, b = 40 mm, c = 15 mm, t = 1.9 mm. 
 
 
Figure has been removed due to Copyright restrictions. 
 
Figure has been removed due to Copyright restrictions. 
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The ultimate moment capacities of both short and long beams under uniform 
temperatures up to 700 
o
C are studied and summarized in Table  6.4 and Table  6.5 
respectively. It has been revealed that although the modelling method and FEA 
packages are different, the ultimate moment capacities given in this chapter agree well 
with the results of Kankanamge’s FEA model. Therefore the FEA model is considered 
reliable to conduct parametric studies in the following sections.  
 
Table  6.4 Comparison of ultimate moments of CFS short beams under uniform 
temperatures (cross-section dimensions: G450-1.9-804015) 
T   
(ºC)
 Span  
(mm)
(Kankanamge, 2010) 
(KN∙m)
My results 
(KN∙m)
My results / (Kankanamge, 2010)
100 5.550 5.257 0.947
500 5.050 5.030 0.996
100 5.450 5.331 0.978
500 5.100 4.946 0.970
100 5.200 5.183 0.997
500 4.755 4.670 0.982
100 3.860 3.887 1.007
500 3.520 3.519 1.000
100 2.250 2.207 0.981
500 2.080 2.119 1.019
0.988Average
20
200
300
400
500
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Table  6.5 Comparison of ultimate moments of CFS long beams under uniform 
temperatures (G450-1.9-1154015) 
T   
(ºC)
 Span  
(mm)
(Kankanamge, 2010) 
(KN∙m)
My results 
(KN∙m)
My results / (Kankanamge, 2010)
1800 3.230 3.231 1.000
2500 1.839 1.831 0.996
1800 2.782 2.806 1.009
2500 1.563 1.545 0.988
1800 2.344 2.358 1.006
2500 1.315 1.292 0.983
1800 1.887 1.896 1.005
2500 1.067 1.019 0.955
1800 1.382 1.449 1.048
2500 0.812 0.767 0.945
600 1800 0.628 0.575 0.916
1800 0.365 0.334 0.915
2500 0.275 0.241 0.876
0.972
700
Average
20
200
300
400
500
 
 
 Uniform temperatures 6.4
The ultimate moment capacities of small and big cross-sectional CFS beams under 
uniform temperatures up to 600 
o
C are plotted in Figure  6.10 and Figure  6.11 in 
comparison with the elastic buckling moments obtained by the modified FSM in 
Chapter 5. It is shown that, due to the material yield and imperfection, the ultimate 
moment is much less than the elastic buckling moment when the member span is small. 
However the difference vanishes when the member span is long. The ultimate moment 
capacity of the small section beam agrees with the elastic buckling moment since the 
member span exceeds 3 m when the temperature is less than 300 
o
C, which indicates a 3 
m CFS beam is slender and fails by the elastic buckling. However with the rise of the 
temperature, the boundary of the elastic and inelastic buckling regions moves to a 
longer beam span length. When the temperature reaches 400 
o
C the beam that fails by 
elastic buckling is 4 m, while when the temperature reaches 600 
o
C the beam that fails 
by elastic buckling is 7 m.  
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It is noted that the ultimate moment capacity of a big section beam obtained in this 
section exceeds the elastic buckling moment given by the modified FSM studies when 
the member is short and the temperature is lower than 400 
o
C (shown in Figure  6.11). 
This is likely due to the consideration of strain hardening in the stress-strain relationship 
in FEM. The ultimate moment capacity drops below the elastic buckling moment as 
soon as the member span exceeds 2 m. Similarly as the small section beams, the 
difference between the ultimate moment and the elastic buckling moment vanishes 
when the member span is long (4 m at room temperature), and the elastic boundary 
moves to a longer span under a higher temperature (6 m at 300 
o
C and 8 m at 600 
o
C).   
 
Figure  6.12 summarizes the ultimate moment capacities of small and big cross-sectional 
beams under uniform temperatures up to 600 
o
C. It is shown that the ultimate moment 
capacities of both small and big cross-sectional members reduce increasingly under 
uniform temperatures. The ultimate moment capacity reduces about 29% for both small 
and big cross-sectional members when the temperature reaches at 300 
o
C, and the 
reduction reaches 65% when the temperature is 500 
o
C. A red dash curve shows the 
boundary of elastic and inelastic buckling regions. It reveals the boundary of elastic 
buckling shifts to longer member span under higher temperatures, which means the 
slenderness of the CFS beam reduces with increasing temperatures.  
 
 
(a)       (b) 
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(c)      (d) 
 
Figure  6.10 Comparison of elastic and inelastic buckling moments of a CFS beam under 
uniform temperatures.  
Section dimensions: d = 200 mm, b = 75 mm, c = 20 mm, t = 2mm. 
(a) T=20 
o
C. (b) T=300 
o
C. (c) T=400 
o
C. (d) T=600 
o
C. 
 
 
(a)       (b) 
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(c)      (d) 
Figure  6.11 Comparison of elastic and inelastic buckling moments of a CFS beam under 
uniform temperatures.  
Section dimensions: d = 300 mm, b = 75 mm, c = 20 mm, t = 2mm. 
(a) T=20 
o
C. (b) T=300 
o
C. (c) T=400 
o
C. (d) T=600 
o
C. 
 
 
(a) 
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(b) 
Figure  6.12 Ultimate moment capacities of a CFS channel beam under uniform 
temperatures. 
(a) Section dimensions: d = 200 mm, b = 75 mm, c = 20 mm, t = 2mm. 
(b) Section dimensions: d = 300 mm, b = 75 mm, c = 20 mm, t = 2mm. 
 
 Linear temperatures 6.5
Table  6.6 exhibits the ultimate moment capacity of small and big CFS beams under 
linear temperature distributions with the maximum temperature up to 500 
o
C. It is 
interesting to note that the ultimate moment capacity of CFS beams increase for most 
member spans with the rise of the linear temperature distributions, especially for the 
small-section CFS beams, and the effect gets more remarkable to a longer member span. 
One reason for this is the neutral axis shifts to the compression side under a non-
uniform temperature distribution, which reduces the compression zone of the web and 
therefore increases the buckling moment slightly. Another reason is that when a linear 
temperature distribution is applied to a beam, a thermal bowing is introduced to the 
member due to the non-uniform thermal expansion which changes the shape of a 
straight beam to a curved one. When it is loaded in plane bending, the curved beam 
buckles laterally out of its plane and twist (shown in Figure  6.13), and this usually fails 
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by a higher moment than a straight beam (Yoo and Pfeiffer, 1984). It has been found 
that the increase of the buckling moment shows an acceleration with an increase of the 
included angle and of the stiffness ratio of minor and major axes (Heidarpour et al., 
2011; Pi and Bradford, 2004; Yoo and Pfeiffer, 1984), therefore the thermal bowing 
effect has a more remarkable influence to a beam with a higher maximum temperature 
or a smaller cross-section. The typical failure buckling modes have been shown in 
Figure  6.13. 
 
 
(a) 
 
 
(b) 
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(c) 
 
Figure  6.13 Buckling modes of a 4 m small section CFS beam at elevated temperatures. 
Section dimensions: d = 200 mm, b = 75 mm, c = 20 mm, t = 2mm. 
(a) Uniform temperature distribution. (b) Linear temperature distribution. 
(c) Nonlinear temperature distribution. 
 
In reality, since the moment (external loading) is applied to the member before fire 
occurs, it is not reasonable to apply a moment higher than the failure moment at room 
temperature. Therefore the transient state method should be used to refine the results of 
the ultimate moment capacities of CFS beams under linear temperature distributions. 
Considering the member could bear a high temperature over 600 
o
C, if the moment 
applied on a beam is slightly smaller than the failure moment at room temperature, as 
shown in Figure  6.5, it is believed the ultimate buckling moment capacity of a beam 
under linear temperature distribution is no less than that of a beam at room temperature. 
It is therefore concluded that the thermal bowing caused by a non-uniform temperature 
distribution benefits and increases the global buckling capacity of a beam due to the 
change of the beam curvature and the buckling mode. The ultimate moment capacity of 
the beam at room temperature is recommended for the beam under linear temperature 
distributions when the member span is long and that it buckles globally.  
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Table  6.6 Ultimate moment capacities of CFS channel beams under linear temperatures  
(unit: KN*m) 
20 100 200 300 400 500
1 18.189 18.831 17.966 17.286 16.717 12.175
2 16.156 15.119 15.166 15.446 16.774 12.327
3 11.436 12.053 12.722 13.900 13.656 12.165
4 6.468 6.880 7.450 8.202 9.249 10.223
5 4.257 4.536 5.019 5.543 6.794 8.170
6 3.029 3.308 3.740 4.610 4.900 5.650
7 2.269 2.640 3.021 4.162 4.563 5.123
8 1.893 2.089 2.840 3.235 4.859 4.970
1 29.9 29.9 30.22 29.522 28.46 20.624
2 26.217 25.991 25.692 25.135 23.449 20.785
3 17.775 18.182 18.641 19.404 20.84 18.202
4 10.356 10.698 11.104 11.593 12.187 12.818
5 6.6784 6.448 7.2691 7.6316 8.0779 10.169
6 4.7391 4.9266 5.2156 5.5316 5.8988 6.3921
7 3.4 3.8639 3.9939 4.2937 4.6502 5.0877
8 3.1976 3.4169 3.2296 3.5194 4.1763 4.4369
9 2.9728 3.2279 2.8437 3.4 3.4 4.2639
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Although the global moment capacity does not decrease with the rise of temperature, the 
ultimate moment capacity of a short beam is reduced considerably under linear 
temperature distributions due to material yield. When the maximum temperature within 
the cross-section is less than 400 
o
C, the ultimate moment capacity of a small section 
beam decreases slightly with the rise of the temperature when the member span is 1 m. 
When the maximum temperature reaches 500 
o
C there is a sharp drop on the ultimate 
moment capacity of short beams. Similar trend could also be found in the case of big 
section short beams.  
 
 Nonlinear temperatures 6.6
The ultimate moment capacity of CFS beams under nonlinear temperature distributions 
is shown in Table  6.7. The ultimate moment capacities of most small section CFS beam 
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members, obtained by the static state method, are higher than those at room 
temperature, except for the members with the span less than 3 m and the maximum 
temperature is higher than 500 
o
C. However, for the members with a big cross-section, 
the ultimate moment reduces considerably with the rise of temperature when the 
member span is small, and the reduction extends to a longer member span under a 
higher maximum temperature within the cross-section.  
 
Table  6.7 Ultimate moment capacities of CFS channel beams under nonlinear 
temperatures (unit: KN*m) 
20 100 200 300 400 500
1 18.189 19.380 18.902 18.426 18.094 12.500
2 16.156 17.212 18.229 17.957 16.407 12.595
3 11.436 14.491 13.824 12.794 11.672 10.656
4 6.468 9.761 10.272 9.489 8.829 8.182
5 4.257 9.101 8.632 8.257 7.893 7.236
6 3.029 7.685 7.955 7.509 7.699 7.033
7 2.269 6.642 7.019 8.040 7.873 7.188
8 1.893 7.161 6.641 7.492 8.098 7.493
1 29.9 30.278 29.06 27.772 26.412 21.182
2 26.217 24.399 22.918 21.437 20.104 19.089
3 17.775 19.104 17.012 15.098 14.356 13.226
4 10.356 13.438 11.152 11.117 10.269 8.9791
5 6.6784 10.141 9.3181 8.7796 8.0734 7.5421
6 4.7391 8.3402 7.1342 7.9155 7.4432 6.9174
7 3.4 7.1126 7.4057 7.349 6.9083 6.7474
8 3.1976 6.9687 6.4031 7.1937 7.0158 2.7865
9 2.9728 5.6698 6.7521 7.3629 2.7622 2.7698
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The remarkable difference of the ultimate moment capacity of big section beams under 
linear and nonlinear temperature distributions, as shown in Table  6.6 and Table  6.7, 
may be due to the different stress distributions within the cross-section under non-
uniform temperature distributions. The local bending caused by the nonlinear 
temperature distribution alters the stress distribution and increases the maximum stress 
value within the cross-section, which facilitates the material yield on the cross-section. 
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 DSM based design method of CFS beams at elevated temperatures 6.7
The application of the traditional design method, EWM, has been held back due to its 
tedious calculation of the effective area of the cross-section, especially for those with 
non-uniform material properties such as the CFS member under non-uniform 
temperature distributions. Instead, DSM has been increasingly recognized as the 
alternative design method since the buckling resistance of a member could be easily 
determined by using the elastic buckling loads/moments and the squash load. Therefore 
this section is to focus on the DSM based design methods. Since there has been no DSM 
based design method for CFS beams at elevated temperatures, the design methods at 
room temperature are adopted, although some changes in parametric values may be 
needed.  
 
DSM curves provided in AISI (AISI, 2007) are applied in this section. The calculation 
of the nominal flexural strength Mne, Mnl and Mnd, representing the lateral-torsional 
buckling, local buckling and distortional buckling respectively, are shown by Eq. ( 6.1) - 
( 6.3). The moment resistance is taken as the minimum of Mne, Mnl and Mnd. 
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in which My is the yield moment of the beam, and Mcre is the elastic lateral-torsional 
buckling moment determined by buckling analysis.  
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in which 
crlnel
MM , and Mcrl is the elastic local buckling moment. 
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in which 
crdyd
MM , and Mcrd is the elastic distortional buckling moment. 
 
Since the critical moment capacity curves in (AS/NZS, 2005) are based on the same 
moment capacity equations for lateral-torsional buckling, the two modified curves given 
by Kankanamge (2010), Option 1 and Option 2, are adopted herein.  
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where 
creyb
MM  is the non-dimensional slenderness ratio.  
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Although these curves are for CFS members at ambient temperature, they may be 
acceptable for elevated temperature design provided that the material properties at 
elevated temperatures are properly used. The accuracy however has to be verified 
before application. 
 
6.7.1 Assessment for uniform temperatures 
Figure  6.14 shows the comparison of the ultimate moment capacities of both small and 
big section beams under uniform temperatures with the lateral-torsional buckling 
resistance given by the current DSM based design methods. The ultimate moment 
capacities of both small and big section members under various uniform temperatures 
are shown by markers in the figure, and the current design equations are shown by 
curves. The black solid curve is the nominal bending strength of lateral-torsional 
buckling given by (AISI, 2007), and the blue and red dash curves are the modified 
curves of the critical moment capacities for AS/NZS 4600 (Kankanamge, 2010), which 
are based on the same moment capacity equations for lateral-torsional buckling.  
 
The ultimate moment capacities of slender members are shown to be consistent under 
uniform high temperatures, which make it possible to utilize an identical design curve 
for long beams at elevated temperatures. However, since the ultimate moment capacities 
are scattered around in the intermediate region, it might not be possible to include the 
temperature effect into one identical design curve for the intermediate beams with a 
non-dimensional slenderness between 0.5 and 1.5.  
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Figure  6.14 Comparison of ultimate moment capacities with predictions based on the 
current design curves. 
 
It has been found by Kankanamge (2010) that the DSM given in AISI is unsafe for long 
beams failed by lateral-torsional buckling. Therefore two modified curves have been 
given in his PhD thesis for beams at ambient temperature (shown by blue and red 
dashed curves in Figure  6.14). It is also demonstrated in this section that both modified 
curves give a better agreement with the ultimate moment capacities of beams than the 
equation given by AISI. However, although the modified curves could precisely predict 
the ultimate moment capacities of the members with a non-dimensional slenderness 
over 2, there is an obvious difference for the intermediate beams due to the interaction 
of local and lateral-torsional buckling models.  
 
In order to further check the accuracy of the design methods, the effects of local and 
distortional buckling are considered using the equations given by AISI (2007). The 
modified FSM presented in Chapter 4 is used to calculate the local, distortional and 
lateral-torsional buckling moments of CFS beams under uniform temperatures. The 
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lateral-torsional buckling equations given in AISI (2007) and Kankanamge (2010) are 
applied respectively to calculate the nominal bending strength of lateral-torsional 
buckling Mne. The calculated overall buckling resistance, as well as the ultimate moment 
capacities, of both small and big section members under various uniform temperatures 
are plotted in Figure  6.15 and Figure  6.16 respectively. More details of the calculations 
and corresponding data could be found in Appendix B.   
 
It is shown that both modified curves are accurate for CFS beams at room temperature, 
although the modified equation - Option 2 (red dashed curve) is slightly over 
conservative for short beams. However, when the buckling equations are applied to 
those beams under high uniform temperatures by using the corresponding material 
properties, all three design methods are shown to be unsafe for intermediate members. 
For example, when the uniform temperature within the cross-section is 400 
o
C, the 
ratios of the buckling resistance to the yield moment of a 2 m small section beam 
obtained by the three design methods (DSM, Option 1 and Option 2) are 0.61, 0.566 and 
0.532 respectively; while the relative ultimate moment capacity obtained from FEM is 
0.441. Therefore further study on the interaction effects among local, distortional and 
lateral-torsional buckling under high temperatures should be carried out in order to 
apply DSM to the fire design of CFS beams. Moreover, the buckling resistance of the 
intermediate members is shown to vary with the rise of high temperature for both small 
and big section members, which indicates that the temperature amplitude should be 
considered in the interaction factors.  
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(a)       (b) 
 
 
(c)       (d) 
 
Figure  6.15 Assessment of the design curve of CFS beams under uniform temperatures. 
Section dimensions: d = 200 mm, b = 75 mm, c = 20 mm, t = 2mm. 
(a) T=20 
o
C. (b) T=300 
o
C. (c) T=400 
o
C. (d) T=600 
o
C. 
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(a)       (b) 
 
 
(c)       (d) 
 
Figure  6.16 Assessment of the design curve of CFS beams under uniform temperatures. 
Section dimensions: d = 300 mm, b = 75 mm, c = 20 mm, t = 2mm. 
(a) T=20 
o
C. (b) T=300 
o
C. (c) T=400 
o
C. (d) T=600 
o
C. 
 
6.7.2 Assessment for non-uniform temperatures 
Since it has been explained in the previous section that the ultimate moment capacities 
of some CFS beams under non-uniform temperatures obtained by the static state method 
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should be refined, the final ultimate moment capacities of CFS beams are determined by 
replacing the ultimate moments larger than those at room temperature by the failure 
moments of beams at room temperature. The buckling moment capacities of CFS beams 
under linear and nonlinear temperature distributions have been plotted in Figure  6.17 
and Figure  6.18. It is shown that the buckling resistance of long beams under non-
uniform temperatures agree well with those at room temperature, therefore it is possible 
to use the design equation of global buckling to predict the ultimate moment capacity of 
long beams under non-uniform temperature distributions applied in this chapter. 
However, when the member span is short (less than 3 m for linear temperature 
distribution and less than 4 m for nonlinear temperature distribution), there is a 
considerable difference of the ultimate moment under different temperature 
distributions. For the small section beam, the ultimate moment does not reduce 
obviously under both linear and nonlinear temperature distributions until the maximum 
temperature within the cross-section reaches 500 
o
C. However for the big section 
beams, there is a considerable reduction on the moment capacity of intermediate 
member spans under non-uniform temperature distribution, especially for the nonlinear 
temperature distributions. Therefore the design methods of beams at room temperature 
should be carefully checked before applying to the CFS members under non-uniform 
temperature distributions.  
 
 
(a) 
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(b) 
 
Figure  6.17 Ultimate moment capacities of CFS channel beams under linear 
temperatures. 
(a) Section dimensions: d = 200 mm, b = 75 mm, c = 20 mm, t = 2mm. 
(b) Section dimensions: d = 300 mm, b = 75 mm, c = 20 mm, t = 2mm. 
 
 
 
(a) 
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(b) 
 
Figure  6.18 Ultimate moment capacities of CFS channel beams under nonlinear 
temperatures. 
(a) Section dimensions: d = 200 mm, b = 75 mm, c = 20 mm, t = 2mm. 
(b) Section dimensions: d = 300 mm, b = 75 mm, c = 20 mm, t = 2mm. 
 
The non-dimensional ultimate moment capacity – nominal slenderness relationships of 
both small and big section members are plotted in Figure  6.19 and Figure  6.20, together 
with the design resistance of the beams at room temperature. The yield moment of the 
CFS beam under non-uniform temperature is taken as the yield moment at room 
temperature, and the elastic local, distortional and lateral-torsional buckling moments of 
CFS beams under non-uniform temperature distributions are calculated by the modified 
FSM described in Chapter 5. It is shown that both modified design methods, Option 1 
and Option 2, provide good predictions of the buckling resistance of CFS beams under 
linear temperature distributions, except for the maximum temperature is 500 
o
C. 
However, although the design curves give reasonable results for the small section beams 
when the temperature distribution is nonlinear, neither is safe for the big section beams 
under nonlinear temperature distributions. Therefore it may be unsafe to apply the 
design method of beams at room temperature for those members under non-uniform 
temperatures. A modification is needed to take into account the temperature distribution 
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and temperature difference within the cross-section, especially for the intermediate 
members.  
 
 
(a) 
 
(b) 
Figure  6.19 Assessment of the design curve of CFS beams under linear temperatures. 
(a) Section dimensions: d = 200 mm, b = 75 mm, c = 20 mm, t = 2mm. 
(b) Section dimensions: d = 300 mm, b = 75 mm, c = 20 mm, t = 2mm. 
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(a) 
 
(b) 
Figure  6.20 Assessment of the design curve of CFS beams under nonlinear 
temperatures. 
(a) Section dimensions: d = 200 mm, b = 75 mm, c = 20 mm, t = 2mm. 
(b) Section dimensions: d = 300 mm, b = 75 mm, c = 20 mm, t = 2mm. 
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are summarised in Table  6.8. It is revealed that overall DSM given by AISI (2007) is 
not safe for fire designing. Although Option 1 and Option 2 give good predictions of the 
buckling resistance of CFS beams under non-uniform temperatures, neither method 
provides safe results when the temperature distribution is uniform, especially for the 
small section beams. Among all three design methods, the Option 2 gives the best 
results, which is recommended as the basis to further investigate the bending strength 
equations of local buckling.  
 
Table  6.8 Summary of the mean, COV and resistance factors of the design strengths of 
CFS beams at elevated temperatures using DSM based design methods.  
Uniform T Linear T Nonlinear T Uniform T Linear T Nonlinear T
Mean 0.861 0.941 0.923 0.835 0.882 0.891
COV 0.023 0.025 0.023 0.052 0.047 0.041
Φ 0.792 0.865 0.849 0.759 0.803 0.815
Mean 0.981 1.076 1.058 0.959 1.018 1.028
COV 0.017 0.044 0.041 0.062 0.063 0.062
Φ 0.904 0.982 0.967 0.866 0.919 0.929
Mean 0.991 1.085 1.066 0.978 1.037 1.048
COV 0.016 0.040 0.038 0.053 0.055 0.053
Φ 0.913 0.992 0.976 0.889 0.941 0.951
Small section
Option 2
M
u
/M
n
Cross-section scale
Temerature distribution
Big section
DSM
Option 1
 
 
 Conclusions 6.8
Numerical studies of simply supported CFS beams under uniform and non-uniform 
temperature distributions have been conducted in this chapter by using the FEM 
package ANSYS. The effects of nonlinear stress-strain relationship, geometric 
imperfections and temperature distributions were studied before conducting parametric 
studies. The simplified linear and nonlinear temperature distributions presented in 
Chapter 4 were introduced in the model, and the ultimate moment capacities of both 
small and big section CFS beams at elevated temperatures were obtained. DSM based 
design methods were assessed for both ambient and elevated temperatures, and 
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recommendations were made after the comparisons were made. Through this chapter 
the following conclusions can be drawn:  
 
Although the nonlinear stress-strain relationship significantly influences the buckling 
moment capacities of beams under uniform temperatures, there is little influence to the 
buckling capacity of beams under non-uniform temperature distributions when 
compared with the models using elastic-perfect plastic stress-strain relationship.  
 
CFS beams are quite sensitive to geometric imperfections under uniform and liner 
temperature distributions if the maximum temperature in the member is low. However, 
little influence has been found to the members under nonlinear temperature 
distributions.  
 
The temperature distribution is found to significantly affect the ultimate moment 
capacities of CFS beams. The moment capacities of long CFS beams reduce steadily 
with the increasing uniform temperatures, while they do not reduce with the rise of the 
temperature under non-uniform temperature distributions due to the effects of shift of 
centroid and thermal bowing. The moment capacities of short beams reduce under both 
uniform and non-uniform temperature distributions due to material yield. Furthermore, 
the section moment capacities of short CFS beams under nonlinear temperature 
distributions are smaller than those under linear temperature distributions due to the 
high value of the maximum stress within the cross-section under a nonlinear 
temperature distribution.  
 
Although the slenderness of the members reduces under uniform temperatures 
obviously, the DSM based design methods may be still applicable to the CFS beams at 
elevated temperatures by making further modifications to the design equations. The 
temperature distribution, temperature difference and the maximum temperature are 
found to affect the ultimate moment capacities of CFS beams significantly, which 
should be considered in designing.   
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CHAPTER 7 – CONCLUSIONS AND FUTURE WORKS 
 
 Summary of findings 7.1
The aim of this thesis was to investigate the buckling performance of CFS members in 
fire, and to contribute to develop a design method for CFS members at elevated 
temperatures. To this end a detailed investigation into the thermal and structural 
behaviour of plasterboard protected CFS lipped channel section members at elevated 
temperatures has been made through the use of both numerical and analytical methods, 
with the emphasis on the non-uniform temperature distributions, which usually occur 
when the member is exposed to fire on one side. Analytical and simplified numerical 
methods have been developed to predict the flexural buckling loads of CFS columns 
under non-uniform temperature distributions. A modified FSM has been developed to 
investigate the elastic buckling behaviour of CFS members at elevated temperatures, in 
which the effects of temperature on both strain and mechanical properties are included. 
FEM was applied afterwards to investigate the ultimate failure capacities of CFS beams 
under non-uniform temperatures, and DSM based design methods have been also 
assessed and their corresponding accuracy is examined accordingly. The main findings 
could be summarised as follows:  
 
Heat transfer analysis:  
 The temperature distribution in a one-side protected CFS member is highly 
nonlinear. The temperature on the fire exposed side rises with time while the 
temperature on the fire unexposed side does not rise more than 20 
o
C and the 
rise could be ignored in the calculation models.  
 
 The cross-sectional dimensions do not influence the temperature distribution 
significantly.  
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 The simplified nonlinear temperature distribution by using the average 
temperature on the fire exposed flange as the maximum temperature, and room 
temperature as the minimum temperature is recommended for further study.  
 
First order/second order analysis: 
 The second order analysis delivers a smaller flexural buckling load than the first 
order analysis due to the p-δ and P-Δ effects.  
 
 The temperature difference within the cross-section has a remarkable influence 
on the flexural buckling capacity due to the thermal bowing effect.  
 
 The temperature distribution and nonlinear stress-strain relationship do not 
affect the flexural buckling load of a CFS column significantly.  
 
Elastic buckling analysis through FSM: 
 The temperature distribution affects the pre-buckling stress distributions 
significantly. A nonlinear temperature distribution causes a much higher 
maximum stress than a linear temperature distribution, which indicates that an 
earlier material yield occurs in the loading section.  
 
 Thermal bowing has a significant effect on the critical buckling load of 
intermediate and long CFS columns, but not in the short ones.  
 
 The nonlinear temperature distributions remarkably affect the local buckling of 
CFS beams more than the linear temperature distributions when fire is exposed 
to the tensile side since they deliver a considerably higher stress value within the 
cross-section, which leads to earlier material yield than the linear temperature 
distributions.  
 
 The reduction of the local buckling moment is greater than the critical 
distortional buckling moment when fire is exposed on the compression side, and 
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shift of buckling modes happens in CFS shallow channel section beams under 
some non-uniform temperature distributions. 
 
 The temperature variation within the section has a significant influence on the 
slenderness of CFS members. Therefore it is very important for the prediction of 
the buckling behaviour of CFS members.  
 
Nonlinear analysis of CFS beams by FEM: 
 CFS beams are quite sensitive to geometric imperfections and stress-strain 
relationship under uniform temperature distributions, however there is little 
influence to the buckling capacity of beams under non-uniform temperature 
distributions, especially for nonlinear temperature distributions.  
 
 Although the global buckling capacity of a CFS beam does not reduce under 
non-uniform temperature distributions due to the benefits of thermal bowing and 
shift of neutral axis, the moment capacities of short beams reduce considerably 
because of material yield, especially under nonlinear temperature distributions.  
 
 The slenderness of CFS beams reduces obviously under uniform temperatures, 
and modifications should be made to the DSM for beams at room temperature to 
for the fire designing of the CFS beams.  
 
 The temperature distribution, temperature difference and the maximum 
temperature are found to have significant effect on the ultimate moment 
capacities of CFS beams, which should be considered in designing. 
 
 Contributions 7.2
This thesis has contributed to improve the knowledge and understanding of the fire 
performance of CFS members. The numerical studies presented in Chapters 3 to 6 
provide essential data for undertaking further design-oriented studies, based on which 
174 
 
recommendations have been provided in this thesis for developing a DSM based design 
method for CFS members at elevated temperatures. The most notable contributions 
could be summarised as follows:  
 
 An analytical method has been developed and validated for predicting the elastic 
flexural buckling behaviour of CFS columns at elevated temperatures. It not 
only provides a simple calculation method of buckling load, but also could be 
used for pre-buckling stress analysis under non-uniform temperature 
distributions.  
 
 A simplified numerical method has been conducted based on the second order 
elastic-plastic analysis to calculate the nonlinear flexural buckling load of 
columns under non-uniform temperatures. It shows a great potential from the 
aspects of reducing the burden of traditional numerical modelling and the 
dependence on commercial FEM packages.  
 
 A numerical method combining FSM and classical Fourier series solutions has 
been proposed for elastic buckling analysis of members at elevated temperatures. 
It extends the application of FSM to the buckling analysis of members at 
elevated temperatures by taking into account the effects of pre-buckling stress 
distribution and thermal bowing.  
 
 Assessment of current DSM based design methods has been carried out and 
recommendations have been made for beam designs at elevated temperatures.  
 
 Future works 7.3
The main findings and contributions described above have addressed the primary 
objectives of this project, through which the need for further research has been 
identified, which can be summarised as follows:  
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 The research carried out in this thesis is based on numerical methods. 
Experimental work is urgently needed to enhance the understanding of the fire 
performance of CFS members.  
 
 The two cross-section scales chosen in this research are mainly dominated by 
local and lateral-torsional buckling. Therefore other cross-sectional dimensions 
should be applied to study the effect of distortional buckling to the ultimate 
moment/loading capacity of CFS members at elevated temperatures.  
 
 The work in this thesis is limited to lipped channel cross-sections. Therefore the 
buckling behaviour of other cross-section types need be studied in future.  
 
 The beam members in this research are focused on those used in roof systems. 
Other loading and fire protection conditions such as floor/ceiling systems should 
be investigated in future.  
 
 Since the boundary condition is limited to simply supported boundaries in this 
research, other boundaries should be studied.  
 
 The DSM design equations for local and distortional buckling should be 
examined and improved in future for a reasonable prediction of buckling 
resistance of CFS beams at elevated temperatures.  
 
 Since there has been bare design method for CFS members at elevated 
temperatures, future effort is needed to deliver a suitable design method for CFS 
beams at elevated temperatures.  
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APPENDIX 
A. Finite strip method 
A.1 Finite strip program 
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A.2 Plane stress initial stiffness matrix  
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A.3 Bending initial stiffness matrix 
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A.4 Geometric stiffness matrix of axial loading (uniform along the member) 
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A.5 Geometric stiffness matrix of bending caused by thermal bowing effect (parabolic along the member) 
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B. Ultimate moment capacities and buckling resistance by DSM 
B.1 Buckling resistance of big section beams under uniform temperature distributions. Section dimensions: Section dimensions: d = 300 mm, b = 75 
mm, c = 20 mm, t = 2mm.  
Mcrl Mcrd Mcre Mne Mcrl Mnd Mn Mu/Mn Mne Mcrl Mnd Mn Mu/Mn Mne Mcrl Mnd Mn Mu/Mn
°C m
1 29.900 22.029 30.137 132.007 44.002 44.002 29.570 29.785 29.570 1.011 44.002 29.570 29.785 29.570 1.011 44.002 29.570 29.785 29.570 1.011
2 26.217 22.029 25.645 44.002 44.002 35.311 25.606 27.951 25.606 1.024 33.572 24.771 27.951 24.771 1.058 29.922 22.959 27.951 22.959 1.142
3 17.775 22.029 25.645 21.310 44.002 21.310 18.313 27.951 18.313 0.971 17.901 16.280 27.951 16.280 1.092 17.901 16.280 27.951 16.280 1.092
4 10.356 22.029 25.645 12.249 44.002 12.249 12.249 27.951 12.249 0.845 10.289 10.289 27.951 10.289 1.006 10.289 10.289 27.951 10.289 1.006
5 6.678 22.029 25.645 7.998 44.002 7.998 7.998 27.951 7.998 0.835 6.718 6.718 27.951 6.718 0.994 6.718 6.718 27.951 6.718 0.994
6 4.739 22.029 25.645 5.674 44.002 5.674 5.674 27.951 5.674 0.835 4.767 4.767 27.951 4.767 0.994 4.767 4.767 27.951 4.767 0.994
7 3.400 22.029 25.645 4.268 44.002 4.268 4.268 27.951 4.268 0.797 3.585 3.585 27.951 3.585 0.948 3.585 3.585 27.951 3.585 0.948
8 3.198 22.029 25.645 3.351 44.002 3.351 3.351 27.951 3.351 0.954 2.815 2.815 27.951 2.815 1.136 2.815 2.815 27.951 2.815 1.136
9 2.973 22.029 25.645 2.721 44.002 2.721 2.721 27.951 2.721 1.093 2.285 2.285 27.951 2.285 1.301 2.285 2.285 27.951 2.285 1.301
1 28.654 20.558 28.123 130.117 43.372 43.372 28.595 28.738 28.595 1.002 43.372 28.595 28.738 28.595 1.002 43.372 28.595 28.738 28.595 1.002
2 24.633 20.558 23.847 43.372 43.372 34.805 24.769 26.914 24.769 0.995 33.092 23.962 26.914 23.962 1.028 29.493 22.214 26.914 22.214 1.109
3 16.535 20.558 23.847 19.887 43.372 19.887 17.089 26.914 17.089 0.968 16.705 15.193 26.914 15.193 1.088 16.705 15.193 26.914 15.193 1.088
4 9.518 20.558 23.847 11.431 43.372 11.431 11.431 26.914 11.431 0.833 9.602 9.602 26.914 9.602 0.991 9.602 9.602 26.914 9.602 0.991
5 6.207 20.558 23.847 7.464 43.372 7.464 7.464 26.914 7.464 0.832 6.269 6.269 26.914 6.269 0.990 6.269 6.269 26.914 6.269 0.990
6 4.364 20.558 23.847 5.295 43.372 5.295 5.295 26.914 5.295 0.824 4.448 4.448 26.914 4.448 0.981 4.448 4.448 26.914 4.448 0.981
7 3.400 20.558 23.847 3.983 43.372 3.983 3.983 26.914 3.983 0.854 3.345 3.345 26.914 3.345 1.016 3.345 3.345 26.914 3.345 1.016
8 2.918 20.558 23.847 3.128 43.372 3.128 3.128 26.914 3.128 0.933 2.627 2.627 26.914 2.627 1.111 2.627 2.627 26.914 2.627 1.111
9 2.654 20.558 23.847 2.539 43.372 2.539 2.539 26.914 2.539 1.045 2.133 2.133 26.914 2.133 1.244 2.133 2.133 26.914 2.133 1.244
1 25.546 18.718 25.607 127.754 42.585 42.585 27.343 27.389 27.343 0.934 42.585 27.343 27.389 27.343 0.934 42.585 27.343 27.389 27.343 0.934
2 22.061 18.718 21.713 42.585 42.585 34.173 23.694 25.631 23.694 0.931 32.491 22.924 25.631 22.924 0.962 28.958 21.256 25.631 21.256 1.038
3 14.999 18.718 21.713 18.107 42.585 18.107 15.560 25.631 15.560 0.964 15.210 13.833 25.631 13.833 1.084 15.210 13.833 25.631 13.833 1.084
4 8.690 18.718 21.713 10.408 42.585 10.408 10.408 25.631 10.408 0.835 8.743 8.743 25.631 8.743 0.994 8.743 8.743 25.631 8.743 0.994
5 5.655 18.718 21.713 6.796 42.585 6.796 6.796 25.631 6.796 0.832 5.709 5.709 25.631 5.709 0.991 5.709 5.709 25.631 5.709 0.991
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B.1 Buckling resistance of big section beams under uniform temperature distributions. Section dimensions: Section dimensions: d = 300 mm, b = 75 
mm, c = 20 mm, t = 2mm. – Contd.  
Mcrl Mcrd Mcre Mne Mcrl Mnd Mn Mu/Mn Mne Mcrl Mnd Mn Mu/Mn Mne Mcrl Mnd Mn Mu/Mn
°C m
6 3.915 18.718 21.713 4.822 42.585 4.822 4.822 25.631 4.822 0.812 4.050 4.050 25.631 4.050 0.967 4.050 4.050 25.631 4.050 0.967
7 3.042 18.718 21.713 3.626 42.585 3.626 3.626 25.631 3.626 0.839 3.046 3.046 25.631 3.046 0.999 3.046 3.046 25.631 3.046 0.999
8 2.521 18.718 21.713 2.848 42.585 2.848 2.848 25.631 2.848 0.885 2.392 2.392 25.631 2.392 1.054 2.392 2.392 25.631 2.392 1.054
9 2.235 18.718 21.713 2.312 42.585 2.312 2.312 25.631 2.312 0.967 1.942 1.942 25.631 1.942 1.151 1.942 1.942 25.631 1.942 1.151
1 22.589 15.753 21.551 125.391 41.797 41.797 25.418 25.271 25.271 0.894 41.797 25.418 25.271 25.271 0.894 41.797 25.418 25.271 25.271 0.894
2 19.169 15.753 18.274 41.797 41.797 33.541 22.042 23.616 22.042 0.870 31.890 21.330 23.616 21.330 0.899 28.422 19.787 23.616 19.787 0.969
3 12.579 15.753 18.274 15.239 41.797 15.239 13.095 23.616 13.095 0.961 12.801 11.642 23.616 11.642 1.080 12.801 11.642 23.616 11.642 1.080
4 7.290 15.753 18.274 8.759 41.797 8.759 8.759 23.616 8.759 0.832 7.358 7.358 23.616 7.358 0.991 7.358 7.358 23.616 7.358 0.991
5 4.677 15.753 18.274 5.719 41.797 5.719 5.719 23.616 5.719 0.818 4.804 4.804 23.616 4.804 0.974 4.804 4.804 23.616 4.804 0.974
6 3.267 15.753 18.274 4.058 41.797 4.058 4.058 23.616 4.058 0.805 3.409 3.409 23.616 3.409 0.959 3.409 3.409 23.616 3.409 0.959
7 2.539 15.753 18.274 3.052 41.797 3.052 3.052 23.616 3.052 0.832 2.564 2.564 23.616 2.564 0.990 2.564 2.564 23.616 2.564 0.990
8 2.111 15.753 18.274 2.397 41.797 2.397 2.397 23.616 2.397 0.881 2.013 2.013 23.616 2.013 1.049 2.013 2.013 23.616 2.013 1.049
9 1.863 15.753 18.274 1.946 41.797 1.946 1.946 23.616 1.946 0.957 1.634 1.634 23.616 1.634 1.140 1.634 1.634 23.616 1.634 1.140
1 16.709 12.779 17.482 88.445 29.482 29.482 18.837 18.856 18.837 0.887 29.482 18.837 18.856 18.837 0.887 29.482 18.837 18.856 18.837 0.887
2 13.461 12.779 14.824 29.482 29.482 23.658 16.324 17.644 16.324 0.825 22.494 15.794 17.644 15.794 0.852 20.047 14.646 17.644 14.646 0.919
3 8.831 12.779 14.824 12.362 29.482 12.362 10.623 17.644 10.623 0.831 10.384 9.444 17.644 9.444 0.935 10.384 9.444 17.644 9.444 0.935
4 5.762 12.779 14.824 7.106 29.482 7.106 7.106 17.644 7.106 0.811 5.969 5.969 17.644 5.969 0.965 5.969 5.969 17.644 5.969 0.965
5 3.840 12.779 14.824 4.640 29.482 4.640 4.640 17.644 4.640 0.828 3.897 3.897 17.644 3.897 0.985 3.897 3.897 17.644 3.897 0.985
6 2.646 12.779 14.824 3.292 29.482 3.292 3.292 17.644 3.292 0.804 2.765 2.765 17.644 2.765 0.957 2.765 2.765 17.644 2.765 0.957
7 1.990 12.779 14.824 2.476 29.482 2.476 2.476 17.644 2.476 0.804 2.080 2.080 17.644 2.080 0.957 2.080 2.080 17.644 2.080 0.957
8 1.563 12.779 14.824 1.944 29.482 1.944 1.944 17.644 1.944 0.804 1.633 1.633 17.644 1.633 0.957 1.633 1.633 17.644 1.633 0.957
9 1.524 12.779 14.824 1.578 29.482 1.578 1.578 17.644 1.578 0.966 1.326 1.326 17.644 1.326 1.150 1.326 1.326 17.644 1.326 1.150
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B.1 Buckling resistance of big section beams under uniform temperature distributions. Section dimensions: Section dimensions: d = 300 mm, b = 75 
mm, c = 20 mm, t = 2mm. – Contd.  
Mcrl Mcrd Mcre Mne Mcrl Mnd Mn Mu/Mn Mne Mcrl Mnd Mn Mu/Mn Mne Mcrl Mnd Mn Mu/Mn
°C m
1 10.580 9.805 13.414 51.483 17.161 17.161 12.074 12.221 12.074 0.876 17.161 12.074 12.221 12.074 0.876 17.161 12.074 12.221 12.074 0.876
2 9.716 9.805 11.374 17.161 17.161 13.771 10.447 11.469 10.447 0.930 13.093 10.105 11.469 10.105 0.961 11.669 9.362 11.469 9.362 1.038
3 6.286 9.805 11.374 9.485 17.161 9.485 8.151 11.469 8.151 0.771 7.968 7.246 11.469 7.246 0.867 7.968 7.246 11.469 7.246 0.867
4 4.348 9.805 11.374 5.452 17.161 5.452 5.587 11.469 5.452 0.798 4.580 4.580 11.469 4.580 0.949 4.580 4.580 11.469 4.580 0.949
5 2.940 9.805 11.374 3.560 17.161 3.560 3.560 11.469 3.560 0.826 2.990 2.990 11.469 2.990 0.983 2.990 2.990 11.469 2.990 0.983
6 2.075 9.805 11.374 2.526 17.161 2.526 2.526 11.469 2.526 0.822 2.122 2.122 11.469 2.122 0.978 2.122 2.122 11.469 2.122 0.978
7 1.526 9.805 11.374 1.900 17.161 1.900 1.900 11.469 1.900 0.803 1.596 1.596 11.469 1.596 0.956 1.596 1.596 11.469 1.596 0.956
8 1.196 9.805 11.374 1.492 17.161 1.492 1.492 11.469 1.492 0.802 1.253 1.253 11.469 1.253 0.954 1.253 1.253 11.469 1.253 0.954
9 1.091 9.805 11.374 1.211 17.161 1.211 1.211 11.469 1.211 0.901 1.017 1.017 11.469 1.017 1.073 1.017 1.017 11.469 1.017 1.073
1 3.845 6.831 9.345 14.521 4.840 4.840 5.763 5.189 4.840 0.794 4.840 4.599 5.189 4.599 0.836 4.840 5.763 5.189 4.840 0.794
2 3.690 6.831 7.924 6.831 4.840 4.320 4.254 4.450 4.254 0.867 4.214 4.182 4.450 4.182 0.882 3.859 3.859 4.450 3.859 0.956
3 2.791 6.831 7.924 6.608 4.840 4.284 4.230 4.450 4.230 0.660 4.171 4.152 4.450 4.152 0.672 3.807 3.807 4.450 3.807 0.733
4 2.124 6.831 7.924 3.798 4.840 3.474 3.474 4.450 3.474 0.611 3.203 3.203 4.450 3.203 0.663 2.865 2.865 4.450 2.865 0.741
5 1.643 6.831 7.924 2.480 4.840 2.480 2.480 4.450 2.480 0.662 2.083 2.083 4.450 2.083 0.788 2.083 2.083 4.450 2.083 0.788
6 1.281 6.831 7.924 1.760 4.840 1.760 1.760 4.450 1.760 0.728 1.478 1.478 4.450 1.478 0.867 1.478 1.478 4.450 1.478 0.867
7 1.000 6.831 7.924 1.323 4.840 1.323 1.323 4.450 1.323 0.756 1.112 1.112 4.450 1.112 0.900 1.112 1.112 4.450 1.112 0.900
8 0.812 6.831 7.924 1.039 4.840 1.039 1.039 4.450 1.039 0.782 0.873 0.873 4.450 0.873 0.931 0.873 0.873 4.450 0.873 0.931
9 0.670 6.831 7.924 0.844 4.840 0.844 0.844 4.450 0.844 0.794 0.709 0.709 4.450 0.709 0.945 0.709 0.709 4.450 0.709 0.945
500
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B.2 Buckling resistance of small section beams under uniform temperature distributions. Section dimensions: Section dimensions: d = 200 mm, b = 75 
mm, c = 20 mm, t = 2mm.  
Mcrl Mcrd Mcre Mne Mcrl Mnd Mn Mu/Mn Mne Mcrl Mnd Mn Mu/Mn Mne Mcrl Mnd Mn Mu/Mn
°C m
1 18.189 25.659 22.693 25.661 25.661 20.592 18.803 19.139 18.803 0.967 19.578 18.169 19.139 18.169 1.001 17.449 16.796 19.139 16.796 1.083
2 16.156 25.659 20.111 20.097 25.661 18.399 17.416 18.293 17.416 0.928 16.957 16.470 18.293 16.470 0.981 15.168 15.253 18.293 15.168 1.065
3 11.436 25.659 20.111 13.070 25.661 13.070 13.070 18.293 13.070 0.875 10.979 10.979 18.293 10.979 1.042 10.979 10.979 18.293 10.979 1.042
4 6.468 25.659 20.111 7.631 25.661 7.631 7.631 18.293 7.631 0.848 6.410 6.410 18.293 6.410 1.009 6.410 6.410 18.293 6.410 1.009
5 4.257 25.659 20.111 5.056 25.661 5.056 5.056 18.293 5.056 0.842 4.247 4.247 18.293 4.247 1.002 4.247 4.247 18.293 4.247 1.002
6 3.029 25.659 20.111 3.642 25.661 3.642 3.642 18.293 3.642 0.832 3.059 3.059 18.293 3.059 0.990 3.059 3.059 18.293 3.059 0.990
7 2.269 25.659 20.111 2.783 25.661 2.783 2.783 18.293 2.783 0.815 2.337 2.337 18.293 2.337 0.971 2.337 2.337 18.293 2.337 0.971
8 1.893 25.659 20.111 2.220 25.661 2.220 2.220 18.293 2.220 0.852 1.865 1.865 18.293 1.865 1.015 1.865 1.865 18.293 1.865 1.015
1 17.198 23.945 21.177 25.293 25.293 20.297 18.209 18.485 18.209 0.944 19.298 17.597 18.485 17.597 0.977 17.199 16.272 18.485 16.272 1.057
2 15.016 23.945 18.767 18.754 25.293 17.575 16.513 17.658 16.513 0.909 16.044 15.515 17.658 15.515 0.968 14.434 14.428 17.658 14.428 1.041
3 10.593 23.945 18.767 12.197 25.293 12.197 12.197 17.658 12.197 0.869 10.245 10.245 17.658 10.245 1.034 10.245 10.245 17.658 10.245 1.034
4 6.010 23.945 18.767 7.121 25.293 7.121 7.121 17.658 7.121 0.844 5.982 5.982 17.658 5.982 1.005 5.982 5.982 17.658 5.982 1.005
5 4.000 23.945 18.767 4.718 25.293 4.718 4.718 17.658 4.718 0.848 3.963 3.963 17.658 3.963 1.009 3.963 3.963 17.658 3.963 1.009
6 2.766 23.945 18.767 3.399 25.293 3.399 3.399 17.658 3.399 0.814 2.855 2.855 17.658 2.855 0.969 2.855 2.855 17.658 2.855 0.969
7 2.168 23.945 18.767 2.597 25.293 2.597 2.597 17.658 2.597 0.835 2.181 2.181 17.658 2.181 0.994 2.181 2.181 17.658 2.181 0.994
8 1.650 23.945 18.767 2.072 25.293 2.072 2.072 17.658 2.072 0.796 1.741 1.741 17.658 1.741 0.948 1.741 1.741 17.658 1.741 0.948
1 15.205 21.803 19.282 24.834 24.834 19.928 17.446 17.641 17.446 0.872 18.947 16.862 17.641 16.862 0.902 16.887 15.597 17.641 15.597 0.975
2 13.547 21.803 17.088 17.076 24.834 16.446 15.319 16.841 15.319 0.884 14.784 14.244 16.841 14.244 0.951 13.467 13.359 16.841 13.359 1.014
3 9.598 21.803 17.088 11.106 24.834 11.106 11.106 16.841 11.106 0.864 9.329 9.329 16.841 9.329 1.029 9.329 9.329 16.841 9.329 1.029
4 5.478 21.803 17.088 6.484 24.834 6.484 6.484 16.841 6.484 0.845 5.446 5.446 16.841 5.446 1.006 5.446 5.446 16.841 5.446 1.006
5 3.583 21.803 17.088 4.296 24.834 4.296 4.296 16.841 4.296 0.834 3.608 3.608 16.841 3.608 0.993 3.608 3.608 16.841 3.608 0.993
6 2.525 21.803 17.088 3.095 24.834 3.095 3.095 16.841 3.095 0.816 2.599 2.599 16.841 2.599 0.971 2.599 2.599 16.841 2.599 0.971
7 1.964 21.803 17.088 2.364 24.834 2.364 2.364 16.841 2.364 0.831 1.986 1.986 16.841 1.986 0.989 1.986 1.986 16.841 1.986 0.989
8 1.559 21.803 17.088 1.887 24.834 1.887 1.887 16.841 1.887 0.826 1.585 1.585 16.841 1.585 0.983 1.585 1.585 16.841 1.585 0.983
20
100
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B.2 Buckling resistance of small section beams under uniform temperature distributions. Section dimensions: Section dimensions: d = 200 mm, b = 75 
mm, c = 20 mm, t = 2mm. –Contd.  
Mcrl Mcrd Mcre Mne Mcrl Mnd Mn Mu/Mn Mne Mcrl Mnd Mn Mu/Mn Mne Mcrl Mnd Mn Mu/Mn
°C m
1 13.450 18.349 16.228 24.375 24.375 19.560 16.278 16.318 16.278 0.826 18.597 15.738 16.318 15.738 0.855 16.575 14.566 16.318 14.566 0.923
2 11.381 18.349 14.381 14.371 24.375 14.323 13.196 15.559 13.196 0.862 12.336 11.917 15.559 11.917 0.955 11.788 11.551 15.559 11.551 0.985
3 8.088 18.349 14.381 9.346 24.375 9.346 9.346 15.559 9.346 0.865 7.851 7.851 15.559 7.851 1.030 7.851 7.851 15.559 7.851 1.030
4 4.581 18.349 14.381 5.457 24.375 5.457 5.457 15.559 5.457 0.840 4.584 4.584 15.559 4.584 0.999 4.584 4.584 15.559 4.584 0.999
5 3.046 18.349 14.381 3.615 24.375 3.615 3.615 15.559 3.615 0.842 3.037 3.037 15.559 3.037 1.003 3.037 3.037 15.559 3.037 1.003
6 2.095 18.349 14.381 2.604 24.375 2.604 2.604 15.559 2.604 0.804 2.188 2.188 15.559 2.188 0.958 2.188 2.188 15.559 2.188 0.958
7 1.646 18.349 14.381 1.990 24.375 1.990 1.990 15.559 1.990 0.827 1.672 1.672 15.559 1.672 0.985 1.672 1.672 15.559 1.672 0.985
8 1.317 18.349 14.381 1.588 24.375 1.588 1.588 15.559 1.588 0.829 1.334 1.334 15.559 1.334 0.987 1.334 1.334 15.559 1.334 0.987
1 9.569 14.885 13.164 17.193 17.193 13.797 12.023 12.148 12.023 0.796 13.117 11.621 12.148 11.621 0.823 11.691 10.749 12.148 10.749 0.890
2 7.575 14.885 11.666 11.658 17.193 11.278 10.489 11.596 10.489 0.722 10.105 9.732 11.596 9.732 0.778 9.232 9.147 11.596 9.147 0.828
3 5.739 14.885 11.666 7.582 17.193 7.582 7.582 11.596 7.582 0.757 6.369 6.369 11.596 6.369 0.901 6.369 6.369 11.596 6.369 0.901
4 3.708 14.885 11.666 4.427 17.193 4.427 4.427 11.596 4.427 0.838 3.718 3.718 11.596 3.718 0.997 3.718 3.718 11.596 3.718 0.997
5 2.406 14.885 11.666 2.933 17.193 2.933 2.933 11.596 2.933 0.820 2.464 2.464 11.596 2.464 0.976 2.464 2.464 11.596 2.464 0.976
6 1.700 14.885 11.666 2.113 17.193 2.113 2.113 11.596 2.113 0.805 1.775 1.775 11.596 1.775 0.958 1.775 1.775 11.596 1.775 0.958
7 1.286 14.885 11.666 1.614 17.193 1.614 1.614 11.596 1.614 0.797 1.356 1.356 11.596 1.356 0.948 1.356 1.356 11.596 1.356 0.948
8 1.086 14.885 11.666 1.288 17.193 1.288 1.288 11.596 1.288 0.843 1.082 1.082 11.596 1.082 1.004 1.082 1.082 11.596 1.082 1.004
1 6.911 11.421 10.101 10.008 10.008 8.031 7.649 7.832 7.649 0.904 7.636 7.389 7.832 7.389 0.935 6.805 6.827 7.832 6.805 1.016
2 5.459 11.421 8.951 8.945 10.008 7.664 7.408 7.495 7.408 0.737 7.197 7.095 7.495 7.095 0.769 6.402 6.544 7.495 6.402 0.853
3 4.073 11.421 8.951 5.817 10.008 5.817 5.817 7.495 5.817 0.700 4.975 4.975 7.495 4.975 0.819 4.786 4.786 7.495 4.786 0.851
4 2.757 11.421 8.951 3.396 10.008 3.396 3.396 7.495 3.396 0.812 2.853 2.853 7.495 2.853 0.966 2.853 2.853 7.495 2.853 0.966
5 1.849 11.421 8.951 2.250 10.008 2.250 2.250 7.495 2.250 0.822 1.890 1.890 7.495 1.890 0.978 1.890 1.890 7.495 1.890 0.978
6 1.311 11.421 8.951 1.621 10.008 1.621 1.621 7.495 1.621 0.809 1.362 1.362 7.495 1.362 0.963 1.362 1.362 7.495 1.362 0.963
7 0.989 11.421 8.951 1.239 10.008 1.239 1.239 7.495 1.239 0.798 1.040 1.040 7.495 1.040 0.950 1.040 1.040 7.495 1.040 0.950
8 0.884 11.421 8.951 0.988 10.008 0.988 0.988 7.495 0.988 0.895 0.830 0.830 7.495 0.830 1.065 0.830 0.830 7.495 0.830 1.065
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B.2 Buckling resistance of small section beams under uniform temperature distributions. Section dimensions: Section dimensions: d = 200 mm, b = 75 
mm, c = 20 mm, t = 2mm. –Contd.  
Mcrl Mcrd Mcre Mne Mcrl Mnd Mn Mu/Mn Mne Mcrl Mnd Mn Mu/Mn Mne Mcrl Mnd Mn Mu/Mn
°C m
1 2.689 7.957 7.037 7.037 2.823 2.823 2.823 2.909 2.823 0.953 2.777 2.777 2.909 2.777 0.968 2.730 2.730 2.909 2.730 0.985
2 2.360 7.957 6.236 6.232 2.823 2.742 2.742 2.824 2.742 0.861 2.723 2.723 2.824 2.723 0.867 2.635 2.635 2.824 2.635 0.896
3 1.799 7.957 6.236 4.053 2.823 2.530 2.530 2.824 2.530 0.711 2.470 2.470 2.824 2.470 0.728 2.267 2.267 2.824 2.267 0.794
4 1.364 7.957 6.236 2.366 2.823 2.097 2.097 2.824 2.097 0.650 1.953 1.953 2.824 1.953 0.698 1.739 1.739 2.824 1.739 0.784
5 1.062 7.957 6.236 1.568 2.823 1.568 1.568 2.824 1.568 0.677 1.317 1.317 2.824 1.317 0.806 1.317 1.317 2.824 1.317 0.806
6 0.871 7.957 6.236 1.129 2.823 1.129 1.129 2.824 1.129 0.771 0.949 0.949 2.824 0.949 0.918 0.949 0.949 2.824 0.949 0.918
7 0.800 7.957 6.236 0.863 2.823 0.863 0.863 2.824 0.863 0.927 0.725 0.725 2.824 0.725 1.104 0.725 0.725 2.824 0.725 1.104
8 0.735 7.957 6.236 0.689 2.823 0.689 0.689 2.824 0.689 1.068 0.578 0.578 2.824 0.578 1.271 0.578 0.578 2.824 0.578 1.271
T L
Yield 
moment 
My
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B.3 Buckling resistance of big section beams under linear temperature distributions. Section dimensions: Section dimensions: d = 300 mm, b = 75 mm, 
c = 20 mm, t = 2mm.  
Mcrl Mcrd Mcre Mne Mcrl Mnd Mn Mu/Mn Mne Mcrl Mnd Mn Mu/Mn Mne Mcrl Mnd Mn Mu/Mn
°C m
1 29.900 22.029 29.474 132.007 44.002 44.002 29.570 29.529 29.529 1.013 44.002 29.570 29.529 29.529 1.013 44.002 29.570 29.529 29.529 1.013
2 26.217 22.029 25.645 44.002 44.002 35.311 25.606 27.951 25.606 1.024 33.572 24.771 27.951 24.771 1.058 29.922 22.959 27.951 22.959 1.142
3 17.775 22.029 25.645 21.310 44.002 21.310 18.313 27.951 18.313 0.971 17.901 16.280 27.951 16.280 1.092 17.901 16.280 27.951 16.280 1.092
4 10.356 22.029 25.645 12.249 44.002 12.249 12.249 27.951 12.249 0.845 10.289 10.289 27.951 10.289 1.006 10.289 10.289 27.951 10.289 1.006
5 6.678 22.029 25.645 7.998 44.002 7.998 7.998 27.951 7.998 0.835 6.718 6.718 27.951 6.718 0.994 6.718 6.718 27.951 6.718 0.994
6 4.739 22.029 25.645 5.674 44.002 5.674 5.674 27.951 5.674 0.835 4.767 4.767 27.951 4.767 0.994 4.767 4.767 27.951 4.767 0.994
7 3.400 22.029 25.645 4.268 44.002 4.268 4.268 27.951 4.268 0.797 3.585 3.585 27.951 3.585 0.948 3.585 3.585 27.951 3.585 0.948
8 3.198 22.029 25.645 3.351 44.002 3.351 3.351 27.951 3.351 0.954 2.815 2.815 27.951 2.815 1.136 2.815 2.815 27.951 2.815 1.136
9 2.973 22.029 25.645 2.721 44.002 2.721 2.721 27.951 2.721 1.093 2.285 2.285 27.951 2.285 1.301 2.285 2.285 27.951 2.285 1.301
1 29.900 22.188 29.650 132.007 44.002 44.002 29.644 29.597 29.597 1.010 44.002 29.644 29.597 29.597 1.010 44.002 29.644 29.597 29.597 1.010
2 25.991 22.188 25.563 44.002 44.002 35.311 25.669 27.914 25.669 1.013 33.572 24.831 27.914 24.831 1.047 29.922 23.015 27.914 23.015 1.129
3 17.775 22.188 25.563 21.103 44.002 21.103 18.235 27.914 18.235 0.975 17.727 16.210 27.914 16.210 1.097 17.727 16.210 27.914 16.210 1.097
4 10.356 22.188 25.563 12.127 44.002 12.127 12.127 27.914 12.127 0.854 10.186 10.186 27.914 10.186 1.017 10.186 10.186 27.914 10.186 1.017
5 6.448 22.188 25.563 7.915 44.002 7.915 7.915 27.914 7.915 0.815 6.648 6.648 27.914 6.648 0.970 6.648 6.648 27.914 6.648 0.970
6 4.739 22.188 25.563 5.613 44.002 5.613 5.613 27.914 5.613 0.844 4.715 4.715 27.914 4.715 1.005 4.715 4.715 27.914 4.715 1.005
7 3.400 22.188 25.563 4.219 44.002 4.219 4.219 27.914 4.219 0.806 3.544 3.544 27.914 3.544 0.959 3.544 3.544 27.914 3.544 0.959
8 3.198 22.188 25.563 3.312 44.002 3.312 3.312 27.914 3.312 0.966 2.782 2.782 27.914 2.782 1.149 2.782 2.782 27.914 2.782 1.149
9 2.973 22.188 25.563 2.687 44.002 2.687 2.687 27.914 2.687 1.106 2.257 2.257 27.914 2.257 1.317 2.257 2.257 27.914 2.257 1.317
1 29.900 22.376 29.922 132.007 44.002 44.002 29.731 29.703 29.703 1.007 44.002 29.731 29.703 29.703 1.007 44.002 29.731 29.703 29.703 1.007
2 25.692 22.376 25.672 44.002 44.002 35.311 25.744 27.962 25.744 0.998 33.572 24.903 27.962 24.903 1.032 29.922 23.081 27.962 23.081 1.113
3 17.775 22.376 25.672 20.834 44.002 20.834 18.129 27.962 18.129 0.980 17.500 16.113 27.962 16.113 1.103 17.500 16.113 27.962 16.113 1.103
4 10.356 22.376 25.672 11.968 44.002 11.968 11.968 27.962 11.968 0.865 10.053 10.053 27.962 10.053 1.030 10.053 10.053 27.962 10.053 1.030
5 6.678 22.376 25.672 7.808 44.002 7.808 7.808 27.962 7.808 0.855 6.558 6.558 27.962 6.558 1.018 6.558 6.558 27.962 6.558 1.018
6 4.739 22.376 25.672 5.534 44.002 5.534 5.534 27.962 5.534 0.856 4.648 4.648 27.962 4.648 1.020 4.648 4.648 27.962 4.648 1.020
7 3.400 22.376 25.672 4.157 44.002 4.157 4.157 27.962 4.157 0.818 3.492 3.492 27.962 3.492 0.974 3.492 3.492 27.962 3.492 0.974
8 3.198 22.376 25.672 3.261 44.002 3.261 3.261 27.962 3.261 0.981 2.739 2.739 27.962 2.739 1.167 2.739 2.739 27.962 2.739 1.167
9 2.844 22.376 25.672 2.644 44.002 2.644 2.644 27.962 2.644 1.076 2.221 2.221 27.962 2.221 1.281 2.221 2.221 27.962 2.221 1.281
KN*m
20
100
200
Buckling resistance by (AISI, 2007) Buckling resistance by Option 1 (Kankanamge, 2010) Buckling resistance by Option 2 (Kankanamge, 2010)
KN*m KN*m
Elastic buckling momentsUltimate 
moment 
Mu
T L
Yield 
moment 
My
 
201 
 
B.3 Buckling resistance of big section beams under linear temperature distributions. Section dimensions: Section dimensions: d = 300 mm, b = 75 mm, 
c = 20 mm, t = 2mm. –Contd. 
Mcrl Mcrd Mcre Mne Mcrl Mnd Mn Mu/Mn Mne Mcrl Mnd Mn Mu/Mn Mne Mcrl Mnd Mn Mu/Mn
°C m
1 29.522 22.676 30.609 132.007 44.002 44.002 29.869 29.966 29.869 0.988 44.002 29.869 29.966 29.869 0.988 44.002 29.869 29.966 29.869 0.988
2 25.135 22.676 26.151 44.002 44.002 35.311 25.862 28.169 25.862 0.972 33.572 25.017 28.169 25.017 1.005 29.922 23.185 28.169 23.185 1.084
3 17.775 22.676 26.151 20.442 44.002 20.442 17.976 28.169 17.976 0.989 17.171 15.974 28.169 15.974 1.113 17.171 15.974 28.169 15.974 1.113
4 10.356 22.676 26.151 11.739 44.002 11.739 11.739 28.169 11.739 0.882 9.861 9.861 28.169 9.861 1.050 9.861 9.861 28.169 9.861 1.050
5 6.678 22.676 26.151 7.654 44.002 7.654 7.654 28.169 7.654 0.873 6.429 6.429 28.169 6.429 1.039 6.429 6.429 28.169 6.429 1.039
6 4.739 22.676 26.151 5.420 44.002 5.420 5.420 28.169 5.420 0.874 4.553 4.553 28.169 4.553 1.041 4.553 4.553 28.169 4.553 1.041
7 3.400 22.676 26.151 4.068 44.002 4.068 4.068 28.169 4.068 0.836 3.418 3.418 28.169 3.418 0.995 3.418 3.418 28.169 3.418 0.995
8 3.198 22.676 26.151 3.188 44.002 3.188 3.188 28.169 3.188 1.003 2.678 2.678 28.169 2.678 1.194 2.678 2.678 28.169 2.678 1.194
9 2.973 22.676 26.151 2.582 44.002 2.582 2.582 28.169 2.582 1.151 2.169 2.169 28.169 2.169 1.371 2.169 2.169 28.169 2.169 1.371
1 28.460 23.129 31.647 132.007 44.002 44.002 30.075 30.355 30.075 0.946 44.002 30.075 30.355 30.075 0.946 44.002 30.075 30.355 30.075 0.946
2 23.449 23.129 26.947 44.002 44.002 35.311 26.037 28.506 26.037 0.901 33.572 25.186 28.506 25.186 0.931 29.922 23.340 28.506 23.340 1.005
3 17.775 23.129 26.947 19.989 44.002 19.989 17.821 28.506 17.821 0.997 16.791 15.831 28.506 15.831 1.123 16.791 15.831 28.506 15.831 1.123
4 10.356 23.129 26.947 11.476 44.002 11.476 11.476 28.506 11.476 0.902 9.640 9.640 28.506 9.640 1.074 9.640 9.640 28.506 9.640 1.074
5 6.678 23.129 26.947 7.478 44.002 7.478 7.478 28.506 7.478 0.893 6.281 6.281 28.506 6.281 1.063 6.281 6.281 28.506 6.281 1.063
6 4.739 23.129 26.947 5.291 44.002 5.291 5.291 28.506 5.291 0.896 4.445 4.445 28.506 4.445 1.066 4.445 4.445 28.506 4.445 1.066
7 3.400 23.129 26.947 3.968 44.002 3.968 3.968 28.506 3.968 0.857 3.333 3.333 28.506 3.333 1.020 3.333 3.333 28.506 3.333 1.020
8 3.198 23.129 26.947 3.106 44.002 3.106 3.106 28.506 3.106 1.030 2.609 2.609 28.506 2.609 1.226 2.609 2.609 28.506 2.609 1.226
9 2.973 23.129 26.947 2.512 44.002 2.512 2.512 28.506 2.512 1.183 2.110 2.110 28.506 2.110 1.409 2.110 2.110 28.506 2.110 1.409
1 20.624 23.479 33.242 132.007 44.002 44.002 30.233 30.932 30.233 0.682 44.002 30.233 30.932 30.233 0.682 44.002 30.233 30.932 30.233 0.682
2 20.785 23.479 28.340 44.002 44.002 35.311 26.171 29.078 26.171 0.794 33.572 25.315 29.078 25.315 0.821 29.922 23.459 29.078 23.459 0.886
3 17.775 23.479 28.340 19.437 44.002 19.437 17.572 29.078 17.572 1.012 16.327 15.606 29.078 15.606 1.139 16.327 15.606 29.078 15.606 1.139
4 10.356 23.479 28.340 11.159 44.002 11.159 11.159 29.078 11.159 0.928 9.374 9.374 29.078 9.374 1.105 9.374 9.374 29.078 9.374 1.105
5 6.678 23.479 28.340 7.267 44.002 7.267 7.267 29.078 7.267 0.919 6.104 6.104 29.078 6.104 1.094 6.104 6.104 29.078 6.104 1.094
6 4.739 23.479 28.340 5.138 44.002 5.138 5.138 29.078 5.138 0.922 4.316 4.316 29.078 4.316 1.098 4.316 4.316 29.078 4.316 1.098
7 3.400 23.479 28.340 3.849 44.002 3.849 3.849 29.078 3.849 0.883 3.233 3.233 29.078 3.233 1.052 3.233 3.233 29.078 3.233 1.052
8 3.198 23.479 28.340 3.009 44.002 3.009 3.009 29.078 3.009 1.063 2.528 2.528 29.078 2.528 1.265 2.528 2.528 29.078 2.528 1.265
9 2.973 23.479 28.340 2.432 44.002 2.432 2.432 29.078 2.432 1.222 2.043 2.043 29.078 2.043 1.455 2.043 2.043 29.078 2.043 1.455
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B.4 Buckling resistance of small section beams under linear temperature distributions. Section dimensions: Section dimensions: d = 200 mm, b = 75 
mm, c = 20 mm, t = 2mm.  
Mcrl Mcrd Mcre Mne Mcrl Mnd Mn Mu/Mn Mne Mcrl Mnd Mn Mu/Mn Mne Mcrl Mnd Mn Mu/Mn
°C m
1 18.189 25.659 22.693 25.661 25.661 20.592 18.803 19.139 18.803 0.967 19.578 18.169 19.139 18.169 1.001 17.449 16.796 19.139 16.796 1.083
2 16.156 25.659 20.111 20.097 25.661 18.399 17.416 18.293 17.416 0.928 16.957 16.470 18.293 16.470 0.981 15.168 15.168 18.293 15.168 1.065
3 11.436 25.659 20.111 13.070 25.661 13.070 13.070 18.293 13.070 0.875 10.979 10.979 18.293 10.979 1.042 10.979 10.979 18.293 10.979 1.042
4 6.468 25.659 20.111 7.631 25.661 7.631 7.631 18.293 7.631 0.848 6.410 6.410 18.293 6.410 1.009 6.410 6.410 18.293 6.410 1.009
5 4.257 25.659 20.111 5.056 25.661 5.056 5.056 18.293 5.056 0.842 4.247 4.247 18.293 4.247 1.002 4.247 4.247 18.293 4.247 1.002
6 3.029 25.659 20.111 3.642 25.661 3.642 3.642 18.293 3.642 0.832 3.059 3.059 18.293 3.059 0.990 3.059 3.059 18.293 3.059 0.990
7 2.269 25.659 20.111 2.783 25.661 2.783 2.783 18.293 2.783 0.815 2.337 2.337 18.293 2.337 0.971 2.337 2.337 18.293 2.337 0.971
8 1.893 25.659 20.111 2.220 25.661 2.220 2.220 18.293 2.220 0.852 1.865 1.865 18.293 1.865 1.015 1.865 1.865 18.293 1.865 1.015
1 18.189 25.790 22.488 25.661 25.661 20.592 18.834 19.075 18.834 0.966 19.578 18.199 19.075 18.199 0.999 17.449 16.823 19.075 16.823 1.081
2 15.119 25.790 20.057 20.056 25.661 18.379 17.431 18.274 17.431 0.867 16.932 16.480 18.274 16.480 0.917 15.149 15.149 18.274 15.149 0.998
3 11.436 25.790 20.057 12.926 25.661 12.926 12.926 18.274 12.926 0.885 10.857 10.857 18.274 10.857 1.053 10.857 10.857 18.274 10.857 1.053
4 6.468 25.790 20.057 7.545 25.661 7.545 7.545 18.274 7.545 0.857 6.338 6.338 18.274 6.338 1.021 6.338 6.338 18.274 6.338 1.021
5 4.257 25.790 20.057 4.996 25.661 4.996 4.996 18.274 4.996 0.852 4.197 4.197 18.274 4.197 1.014 4.197 4.197 18.274 4.197 1.014
6 3.029 25.790 20.057 3.597 25.661 3.597 3.597 18.274 3.597 0.842 3.021 3.021 18.274 3.021 1.003 3.021 3.021 18.274 3.021 1.003
7 2.269 25.790 20.057 2.746 25.661 2.746 2.746 18.274 2.746 0.826 2.307 2.307 18.274 2.307 0.984 2.307 2.307 18.274 2.307 0.984
8 1.893 25.790 20.057 2.189 25.661 2.189 2.189 18.274 2.189 0.864 1.839 1.839 18.274 1.839 1.029 1.839 1.839 18.274 1.839 1.029
1 17.966 25.908 22.499 25.661 25.661 20.592 18.861 19.078 18.861 0.953 19.578 18.225 19.078 18.225 0.986 17.449 16.847 19.078 16.847 1.066
2 15.166 25.908 20.034 20.034 25.661 18.367 17.449 18.266 17.449 0.869 16.919 16.494 18.266 16.494 0.919 15.138 15.138 18.266 15.138 1.002
3 11.436 25.908 20.034 12.740 25.661 12.740 12.740 18.266 12.740 0.898 10.701 10.701 18.266 10.701 1.069 10.701 10.701 18.266 10.701 1.069
4 6.468 25.908 20.034 7.436 25.661 7.436 7.436 18.266 7.436 0.870 6.246 6.246 18.266 6.246 1.036 6.246 6.246 18.266 6.246 1.036
5 4.257 25.908 20.034 4.920 25.661 4.920 4.920 18.266 4.920 0.865 4.133 4.133 18.266 4.133 1.030 4.133 4.133 18.266 4.133 1.030
6 3.029 25.908 20.034 3.539 25.661 3.539 3.539 18.266 3.539 0.856 2.973 2.973 18.266 2.973 1.019 2.973 2.973 18.266 2.973 1.019
7 2.269 25.908 20.034 2.699 25.661 2.699 2.699 18.266 2.699 0.841 2.267 2.267 18.266 2.267 1.001 2.267 2.267 18.266 2.267 1.001
8 1.893 25.908 20.034 2.150 25.661 2.150 2.150 18.266 2.150 0.880 1.806 1.806 18.266 1.806 1.048 1.806 1.806 18.266 1.806 1.048
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B.4 Buckling resistance of small section beams under linear temperature distributions. Section dimensions: Section dimensions: d = 200 mm, b = 75 
mm, c = 20 mm, t = 2mm. –Contd. 
Mcrl Mcrd Mcre Mne Mcrl Mnd Mn Mu/Mn Mne Mcrl Mnd Mn Mu/Mn Mne Mcrl Mnd Mn Mu/Mn
°C m
1 17.286 26.094 22.751 25.661 25.661 20.592 18.905 19.157 18.905 0.914 19.578 18.267 19.157 18.267 0.946 17.449 16.885 19.157 16.885 1.024
2 15.446 26.094 20.226 20.226 25.661 18.464 17.551 18.332 17.551 0.880 17.034 16.608 18.332 16.608 0.930 15.229 15.229 18.332 15.229 1.014
3 11.436 26.094 20.226 12.480 25.661 12.480 12.480 18.332 12.480 0.916 10.483 10.483 18.332 10.483 1.091 10.483 10.483 18.332 10.483 1.091
4 6.468 26.094 20.226 7.283 25.661 7.283 7.283 18.332 7.283 0.888 6.118 6.118 18.332 6.118 1.057 6.118 6.118 18.332 6.118 1.057
5 4.257 26.094 20.226 4.815 25.661 4.815 4.815 18.332 4.815 0.884 4.044 4.044 18.332 4.044 1.053 4.044 4.044 18.332 4.044 1.053
6 3.029 26.094 20.226 3.458 25.661 3.458 3.458 18.332 3.458 0.876 2.905 2.905 18.332 2.905 1.043 2.905 2.905 18.332 2.905 1.043
7 2.269 26.094 20.226 2.634 25.661 2.634 2.634 18.332 2.634 0.861 2.212 2.212 18.332 2.212 1.025 2.212 2.212 18.332 2.212 1.025
8 1.893 26.094 20.226 2.095 25.661 2.095 2.095 18.332 2.095 0.904 1.759 1.759 18.332 1.759 1.076 1.759 1.759 18.332 1.759 1.076
1 16.717 26.258 23.207 25.661 25.661 20.592 18.943 19.297 18.943 0.882 19.578 18.303 19.297 18.303 0.913 17.449 16.919 19.297 16.919 0.988
2 16.156 26.258 20.600 20.600 25.661 18.646 17.704 18.460 17.704 0.913 17.252 16.787 18.460 16.787 0.962 15.403 15.403 18.460 15.403 1.049
3 11.436 26.258 20.600 12.183 25.661 12.183 12.183 18.460 12.183 0.939 10.233 10.233 18.460 10.233 1.118 10.233 10.233 18.460 10.233 1.118
4 6.468 26.258 20.600 7.110 25.661 7.110 7.110 18.460 7.110 0.910 5.973 5.973 18.460 5.973 1.083 5.973 5.973 18.460 5.973 1.083
5 4.257 26.258 20.600 4.696 25.661 4.696 4.696 18.460 4.696 0.907 3.945 3.945 18.460 3.945 1.079 3.945 3.945 18.460 3.945 1.079
6 3.029 26.258 20.600 3.368 25.661 3.368 3.368 18.460 3.368 0.899 2.829 2.829 18.460 2.829 1.071 2.829 2.829 18.460 2.829 1.071
7 2.269 26.258 20.600 2.561 25.661 2.561 2.561 18.460 2.561 0.886 2.151 2.151 18.460 2.151 1.054 2.151 2.151 18.460 2.151 1.054
8 1.893 26.258 20.600 2.033 25.661 2.033 2.033 18.460 2.033 0.931 1.708 1.708 18.460 1.708 1.108 1.708 1.708 18.460 1.708 1.108
1 12.175 26.254 24.099 25.661 25.661 20.592 18.942 19.566 18.942 0.643 19.578 18.303 19.566 18.303 0.665 17.449 16.918 19.566 16.918 0.720
2 12.327 26.254 21.376 21.376 25.661 19.004 17.935 18.718 17.935 0.687 17.680 17.071 18.718 17.071 0.722 15.753 15.753 18.718 15.753 0.782
3 11.436 26.254 21.376 11.829 25.661 11.829 11.829 18.718 11.829 0.967 9.936 9.936 18.718 9.936 1.151 9.936 9.936 18.718 9.936 1.151
4 6.468 26.254 21.376 6.907 25.661 6.907 6.907 18.718 6.907 0.936 5.802 5.802 18.718 5.802 1.115 5.802 5.802 18.718 5.802 1.115
5 4.257 26.254 21.376 4.558 25.661 4.558 4.558 18.718 4.558 0.934 3.828 3.828 18.718 3.828 1.112 3.828 3.828 18.718 3.828 1.112
6 3.029 26.254 21.376 3.265 25.661 3.265 3.265 18.718 3.265 0.928 2.742 2.742 18.718 2.742 1.105 2.742 2.742 18.718 2.742 1.105
7 2.269 26.254 21.376 2.478 25.661 2.478 2.478 18.718 2.478 0.915 2.082 2.082 18.718 2.082 1.090 2.082 2.082 18.718 2.082 1.090
8 1.893 26.254 21.376 1.964 25.661 1.964 1.964 18.718 1.964 0.964 1.650 1.650 18.718 1.650 1.147 1.650 1.650 18.718 1.650 1.147
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B.5 Buckling resistance of big section beams under nonlinear temperature distributions. Section dimensions: Section dimensions: d = 300 mm, b = 75 
mm, c = 20 mm, t = 2mm.  
Mcrl Mcrd Mcre Mne Mcrl Mnd Mn Mu/Mn Mne Mcrl Mnd Mn Mu/Mn Mne Mcrl Mnd Mn Mu/Mn
°C m
1 29.900 22.029 30.137 132.007 44.002 44.002 29.570 29.785 29.570 1.011 44.002 29.570 29.785 29.570 1.011 44.002 29.570 29.785 29.570 1.011
2 26.217 22.029 25.645 44.002 44.002 35.311 25.606 27.951 25.606 1.024 33.572 24.771 27.951 24.771 1.058 29.922 22.959 27.951 22.959 1.142
3 17.775 22.029 25.645 21.310 44.002 21.310 18.313 27.951 18.313 0.971 17.901 16.280 27.951 16.280 1.092 17.901 16.280 27.951 16.280 1.092
4 10.356 22.029 25.645 12.249 44.002 12.249 12.249 27.951 12.249 0.845 10.289 10.289 27.951 10.289 1.006 10.289 10.289 27.951 10.289 1.006
5 6.678 22.029 25.645 7.998 44.002 7.998 7.998 27.951 7.998 0.835 6.718 6.718 27.951 6.718 0.994 6.718 6.718 27.951 6.718 0.994
6 4.739 22.029 25.645 5.674 44.002 5.674 5.674 27.951 5.674 0.835 4.767 4.767 27.951 4.767 0.994 4.767 4.767 27.951 4.767 0.994
7 3.400 22.029 25.645 4.268 44.002 4.268 4.268 27.951 4.268 0.797 3.585 3.585 27.951 3.585 0.948 3.585 3.585 27.951 3.585 0.948
8 3.198 22.029 25.645 3.351 44.002 3.351 3.351 27.951 3.351 0.954 2.815 2.815 27.951 2.815 1.136 2.815 2.815 27.951 2.815 1.136
9 2.973 22.029 25.645 2.721 44.002 2.721 2.721 27.951 2.721 1.093 2.285 2.285 27.951 2.285 1.301 2.285 2.285 27.951 2.285 1.301
1 29.900 23.287 31.536 132.007 44.002 44.002 30.147 30.313 30.147 0.992 44.002 30.147 30.313 30.147 0.992 44.002 30.147 30.313 30.147 0.992
2 24.399 23.287 27.115 44.002 44.002 35.311 26.098 28.576 26.098 0.935 33.572 25.244 28.576 25.244 0.967 29.922 23.394 28.576 23.394 1.043
3 17.775 23.287 27.115 20.849 44.002 20.849 18.375 28.576 18.375 0.967 17.513 16.328 28.576 16.328 1.089 17.513 16.328 28.576 16.328 1.089
4 10.356 23.287 27.115 11.984 44.002 11.984 11.984 28.576 11.984 0.864 10.067 10.067 28.576 10.067 1.029 10.067 10.067 28.576 10.067 1.029
5 6.678 23.287 27.115 7.825 44.002 7.825 7.825 28.576 7.825 0.853 6.573 6.573 28.576 6.573 1.016 6.573 6.573 28.576 6.573 1.016
6 4.739 23.287 27.115 5.552 44.002 5.552 5.552 28.576 5.552 0.854 4.664 4.664 28.576 4.664 1.016 4.664 4.664 28.576 4.664 1.016
7 3.400 23.287 27.115 4.176 44.002 4.176 4.176 28.576 4.176 0.814 3.508 3.508 28.576 3.508 0.969 3.508 3.508 28.576 3.508 0.969
8 3.198 23.287 27.115 3.279 44.002 3.279 3.279 28.576 3.279 0.975 2.755 2.755 28.576 2.755 1.161 2.755 2.755 28.576 2.755 1.161
9 2.973 23.287 27.115 2.662 44.002 2.662 2.662 28.576 2.662 1.117 2.236 2.236 28.576 2.236 1.329 2.236 2.236 28.576 2.236 1.329
1 29.060 23.555 32.901 132.007 44.002 44.002 30.267 30.811 30.267 0.960 44.002 30.267 30.811 30.267 0.960 44.002 30.267 30.811 30.267 0.960
2 22.918 23.555 28.335 44.002 44.002 35.311 26.200 29.076 26.200 0.875 33.572 25.343 29.076 25.343 0.904 29.922 23.485 29.076 23.485 0.976
3 17.012 23.555 28.335 20.414 44.002 20.414 18.183 29.076 18.183 0.936 17.148 16.154 29.076 16.154 1.053 17.148 16.154 29.076 16.154 1.053
4 10.356 23.555 28.335 11.735 44.002 11.735 11.735 29.076 11.735 0.883 9.857 9.857 29.076 9.857 1.051 9.857 9.857 29.076 9.857 1.051
5 6.678 23.555 28.335 7.661 44.002 7.661 7.661 29.076 7.661 0.872 6.436 6.436 29.076 6.436 1.038 6.436 6.436 29.076 6.436 1.038
6 4.739 23.555 28.335 5.435 44.002 5.435 5.435 29.076 5.435 0.872 4.565 4.565 29.076 4.565 1.038 4.565 4.565 29.076 4.565 1.038
7 3.400 23.555 28.335 4.086 44.002 4.086 4.086 29.076 4.086 0.832 3.433 3.433 29.076 3.433 0.991 3.433 3.433 29.076 3.433 0.991
8 3.198 23.555 28.335 3.208 44.002 3.208 3.208 29.076 3.208 0.997 2.695 2.695 29.076 2.695 1.187 2.695 2.695 29.076 2.695 1.187
9 2.973 23.555 28.335 2.604 44.002 2.604 2.604 29.076 2.604 1.142 2.187 2.187 29.076 2.187 1.359 2.187 2.187 29.076 2.187 1.359
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B.5 Buckling resistance of big section beams under nonlinear temperature distributions. Section dimensions: Section dimensions: d = 300 mm, b = 75 
mm, c = 20 mm, t = 2mm. –Contd. 
Mcrl Mcrd Mcre Mne Mcrl Mnd Mn Mu/Mn Mne Mcrl Mnd Mn Mu/Mn Mne Mcrl Mnd Mn Mu/Mn
°C m
1 27.772 23.398 34.494 132.007 44.002 44.002 30.196 31.370 30.196 0.920 44.002 30.196 31.370 30.196 0.920 44.002 30.196 31.370 30.196 0.920
2 21.437 23.398 29.960 44.002 44.002 35.311 26.140 29.717 26.140 0.820 33.572 25.285 29.717 25.285 0.848 29.922 23.432 29.717 23.432 0.915
3 15.098 23.398 29.960 19.909 44.002 19.909 17.839 29.717 17.839 0.846 16.724 15.846 29.717 15.846 0.953 16.724 15.846 29.717 15.846 0.953
4 10.356 23.398 29.960 11.445 44.002 11.445 11.445 29.717 11.445 0.905 9.614 9.614 29.717 9.614 1.077 9.614 9.614 29.717 9.614 1.077
5 6.678 23.398 29.960 7.470 44.002 7.470 7.470 29.717 7.470 0.894 6.275 6.275 29.717 6.275 1.064 6.275 6.275 29.717 6.275 1.064
6 4.739 23.398 29.960 5.297 44.002 5.297 5.297 29.717 5.297 0.895 4.450 4.450 29.717 4.450 1.065 4.450 4.450 29.717 4.450 1.065
7 3.400 23.398 29.960 3.981 44.002 3.981 3.981 29.717 3.981 0.854 3.344 3.344 29.717 3.344 1.017 3.344 3.344 29.717 3.344 1.017
8 3.198 23.398 29.960 3.124 44.002 3.124 3.124 29.717 3.124 1.024 2.624 2.624 29.717 2.624 1.219 2.624 2.624 29.717 2.624 1.219
9 2.973 23.398 29.960 2.534 44.002 2.534 2.534 29.717 2.534 1.173 2.128 2.128 29.717 2.128 1.397 2.128 2.128 29.717 2.128 1.397
1 26.412 22.963 36.323 132.007 44.002 44.002 30.000 31.988 30.000 0.880 44.002 30.000 31.988 30.000 0.880 44.002 30.000 31.988 30.000 0.880
2 20.104 22.963 32.001 44.002 44.002 35.311 25.973 30.485 25.973 0.774 33.572 25.124 30.485 25.124 0.800 29.922 23.284 30.485 23.284 0.863
3 14.356 22.963 32.001 19.382 44.002 19.382 17.412 30.485 17.412 0.824 16.281 15.466 30.485 15.466 0.928 16.281 15.466 30.485 15.466 0.928
4 10.269 22.963 32.001 11.142 44.002 11.142 11.142 30.485 11.142 0.922 9.360 9.360 30.485 9.360 1.097 9.360 9.360 30.485 9.360 1.097
5 6.678 22.963 32.001 7.271 44.002 7.271 7.271 30.485 7.271 0.919 6.107 6.107 30.485 6.107 1.093 6.107 6.107 30.485 6.107 1.093
6 4.739 22.963 32.001 5.153 44.002 5.153 5.153 30.485 5.153 0.920 4.329 4.329 30.485 4.329 1.095 4.329 4.329 30.485 4.329 1.095
7 3.400 22.963 32.001 3.871 44.002 3.871 3.871 30.485 3.871 0.878 3.252 3.252 30.485 3.252 1.046 3.252 3.252 30.485 3.252 1.046
8 3.198 22.963 32.001 3.036 44.002 3.036 3.036 30.485 3.036 1.053 2.550 2.550 30.485 2.550 1.254 2.550 2.550 30.485 2.550 1.254
9 2.762 22.963 32.001 2.461 44.002 2.461 2.461 30.485 2.461 1.122 2.067 2.067 30.485 2.067 1.336 2.067 2.067 30.485 2.067 1.336
1 21.182 22.211 38.562 132.007 44.002 44.002 29.655 32.709 29.655 0.714 44.002 29.655 32.709 29.655 0.714 44.002 29.655 32.709 29.655 0.714
2 19.089 22.211 34.766 44.002 44.002 35.311 25.679 31.464 25.679 0.743 33.572 24.840 31.464 24.840 0.768 29.922 23.023 31.464 23.023 0.829
3 13.226 22.211 34.766 18.817 44.002 18.817 16.885 31.464 16.885 0.783 15.807 14.998 31.464 14.998 0.882 15.807 14.998 31.464 14.998 0.882
4 8.979 22.211 34.766 10.819 44.002 10.819 10.819 31.464 10.819 0.830 9.088 9.088 31.464 9.088 0.988 9.088 9.088 31.464 9.088 0.988
5 6.678 22.211 34.766 7.058 44.002 7.058 7.058 31.464 7.058 0.946 5.929 5.929 31.464 5.929 1.126 5.929 5.929 31.464 5.929 1.126
6 4.739 22.211 34.766 5.000 44.002 5.000 5.000 31.464 5.000 0.948 4.200 4.200 31.464 4.200 1.128 4.200 4.200 31.464 4.200 1.128
7 3.400 22.211 34.766 3.754 44.002 3.754 3.754 31.464 3.754 0.906 3.154 3.154 31.464 3.154 1.078 3.154 3.154 31.464 3.154 1.078
8 3.198 22.211 34.766 2.942 44.002 2.942 2.942 31.464 2.942 1.087 2.472 2.472 31.464 2.472 1.294 2.472 2.472 31.464 2.472 1.294
9 2.770 22.211 34.766 2.384 44.002 2.384 2.384 31.464 2.384 1.162 2.002 2.002 31.464 2.002 1.383 2.002 2.002 31.464 2.002 1.383
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B.6 Buckling resistance of small section beams under nonlinear temperature distributions. Section dimensions: Section dimensions: d = 200 mm, b = 
75 mm, c = 20 mm, t = 2mm.  
Mcrl Mcrd Mcre Mne Mcrl Mnd Mn Mu/Mn Mne Mcrl Mnd Mn Mu/Mn Mne Mcrl Mnd Mn Mu/Mn
°C m
1 18.189 25.659 22.693 25.661 25.661 20.592 18.803 19.139 18.803 0.967 19.578 18.169 19.139 18.169 1.001 17.449 16.796 19.139 16.796 1.083
2 16.156 25.659 20.111 20.097 25.661 18.399 17.416 18.293 17.416 0.928 16.957 16.470 18.293 16.470 0.981 15.168 15.253 18.293 15.168 1.065
3 11.436 25.659 20.111 13.070 25.661 13.070 13.070 18.293 13.070 0.875 10.979 10.979 18.293 10.979 1.042 10.979 10.979 18.293 10.979 1.042
4 6.468 25.659 20.111 7.631 25.661 7.631 7.631 18.293 7.631 0.848 6.410 6.410 18.293 6.410 1.009 6.410 6.410 18.293 6.410 1.009
5 4.257 25.659 20.111 5.056 25.661 5.056 5.056 18.293 5.056 0.842 4.247 4.247 18.293 4.247 1.002 4.247 4.247 18.293 4.247 1.002
6 3.029 25.659 20.111 3.642 25.661 3.642 3.642 18.293 3.642 0.832 3.059 3.059 18.293 3.059 0.990 3.059 3.059 18.293 3.059 0.990
7 2.269 25.659 20.111 2.783 25.661 2.783 2.783 18.293 2.783 0.815 2.337 2.337 18.293 2.337 0.971 2.337 2.337 18.293 2.337 0.971
8 1.893 25.659 20.111 2.220 25.661 2.220 2.220 18.293 2.220 0.852 1.865 1.865 18.293 1.865 1.015 1.865 1.865 18.293 1.865 1.015
1 18.189 26.603 23.339 25.661 25.661 20.592 19.022 19.338 19.022 0.956 19.578 18.380 19.338 18.380 0.990 17.449 16.988 19.338 16.988 1.071
2 16.156 26.603 20.869 20.869 25.661 18.774 17.861 18.550 17.861 0.905 17.404 16.958 18.550 16.958 0.953 15.527 15.675 18.550 15.527 1.041
3 11.436 26.603 20.869 12.809 25.661 12.809 12.809 18.550 12.809 0.893 10.760 10.760 18.550 10.760 1.063 10.760 10.760 18.550 10.760 1.063
4 6.468 26.603 20.869 7.482 25.661 7.482 7.482 18.550 7.482 0.864 6.285 6.285 18.550 6.285 1.029 6.285 6.285 18.550 6.285 1.029
5 4.257 26.603 20.869 4.958 25.661 4.958 4.958 18.550 4.958 0.859 4.165 4.165 18.550 4.165 1.022 4.165 4.165 18.550 4.165 1.022
6 3.029 26.603 20.869 3.571 25.661 3.571 3.571 18.550 3.571 0.848 3.000 3.000 18.550 3.000 1.010 3.000 3.000 18.550 3.000 1.010
7 2.269 26.603 20.869 2.729 25.661 2.729 2.729 18.550 2.729 0.831 2.292 2.292 18.550 2.292 0.990 2.292 2.292 18.550 2.292 0.990
8 1.893 26.603 20.869 2.177 25.661 2.177 2.177 18.550 2.177 0.869 1.829 1.829 18.550 1.829 1.035 1.829 1.829 18.550 1.829 1.035
1 18.189 26.564 24.043 25.661 25.661 20.592 19.013 19.549 19.013 0.957 19.578 18.371 19.549 18.371 0.990 17.449 16.980 19.549 16.980 1.071
2 16.156 26.564 21.526 21.526 25.661 19.070 18.045 18.767 18.045 0.895 17.759 17.186 18.767 17.186 0.940 15.819 15.872 18.767 15.819 1.021
3 11.436 26.564 21.526 12.552 25.661 12.552 12.552 18.767 12.552 0.911 10.544 10.544 18.767 10.544 1.085 10.544 10.544 18.767 10.544 1.085
4 6.468 26.564 21.526 7.333 25.661 7.333 7.333 18.767 7.333 0.882 6.160 6.160 18.767 6.160 1.050 6.160 6.160 18.767 6.160 1.050
5 4.257 26.564 21.526 4.858 25.661 4.858 4.858 18.767 4.858 0.876 4.081 4.081 18.767 4.081 1.043 4.081 4.081 18.767 4.081 1.043
6 3.029 26.564 21.526 3.498 25.661 3.498 3.498 18.767 3.498 0.866 2.938 2.938 18.767 2.938 1.031 2.938 2.938 18.767 2.938 1.031
7 2.269 26.564 21.526 2.671 25.661 2.671 2.671 18.767 2.671 0.849 2.244 2.244 18.767 2.244 1.011 2.244 2.244 18.767 2.244 1.011
8 1.893 26.564 21.526 2.130 25.661 2.130 2.130 18.767 2.130 0.889 1.789 1.789 18.767 1.789 1.058 1.789 1.789 18.767 1.789 1.058
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B.6 Buckling resistance of small section beams under nonlinear temperature distributions. Section dimensions: Section dimensions: d = 200 mm, b = 
75 mm, c = 20 mm, t = 2mm. –Contd. 
Mcrl Mcrd Mcre Mne Mcrl Mnd Mn Mu/Mn Mne Mcrl Mnd Mn Mu/Mn Mne Mcrl Mnd Mn Mu/Mn
°C m
1 18.189 26.197 25.095 25.661 25.661 20.592 18.929 19.855 18.929 0.961 19.578 18.290 19.855 18.290 0.994 17.449 16.906 19.855 16.906 1.076
2 16.156 26.197 22.519 22.519 25.661 19.487 18.232 19.084 18.232 0.886 18.257 17.438 19.084 17.438 0.926 16.243 16.094 19.084 16.094 1.004
3 11.436 26.197 22.519 12.250 25.661 12.250 12.250 19.084 12.250 0.934 10.290 10.290 19.084 10.290 1.111 10.290 10.290 19.084 10.290 1.111
4 6.468 26.197 22.519 7.157 25.661 7.157 7.157 19.084 7.157 0.904 6.012 6.012 19.084 6.012 1.076 6.012 6.012 19.084 6.012 1.076
5 4.257 26.197 22.519 4.738 25.661 4.738 4.738 19.084 4.738 0.899 3.980 3.980 19.084 3.980 1.070 3.980 3.980 19.084 3.980 1.070
6 3.029 26.197 22.519 3.409 25.661 3.409 3.409 19.084 3.409 0.889 2.864 2.864 19.084 2.864 1.058 2.864 2.864 19.084 2.864 1.058
7 2.269 26.197 22.519 2.601 25.661 2.601 2.601 19.084 2.601 0.872 2.185 2.185 19.084 2.185 1.038 2.185 2.185 19.084 2.185 1.038
8 1.893 26.197 22.519 2.072 25.661 2.072 2.072 19.084 2.072 0.913 1.740 1.740 19.084 1.740 1.087 1.740 1.740 19.084 1.740 1.087
1 18.094 25.608 26.549 25.661 25.661 20.592 18.791 20.260 18.791 0.963 19.578 18.158 20.260 18.158 0.997 17.449 16.786 20.260 16.786 1.078
2 16.156 25.608 23.913 23.914 25.661 20.013 18.431 19.511 18.431 0.877 18.886 17.718 19.511 17.718 0.912 16.802 16.356 19.511 16.356 0.988
3 11.436 25.608 23.913 11.936 25.661 11.936 11.936 19.511 11.936 0.958 10.026 10.026 19.511 10.026 1.141 10.026 10.026 19.511 10.026 1.141
4 6.468 25.608 23.913 6.972 25.661 6.972 6.972 19.511 6.972 0.928 5.856 5.856 19.511 5.856 1.104 5.856 5.856 19.511 5.856 1.104
5 4.257 25.608 23.913 4.613 25.661 4.613 4.613 19.511 4.613 0.923 3.875 3.875 19.511 3.875 1.099 3.875 3.875 19.511 3.875 1.099
6 3.029 25.608 23.913 3.316 25.661 3.316 3.316 19.511 3.316 0.913 2.785 2.785 19.511 2.785 1.087 2.785 2.785 19.511 2.785 1.087
7 2.269 25.608 23.913 2.527 25.661 2.527 2.527 19.511 2.527 0.898 2.123 2.123 19.511 2.123 1.069 2.123 2.123 19.511 2.123 1.069
8 1.893 25.608 23.913 2.011 25.661 2.011 2.011 19.511 2.011 0.941 1.690 1.690 19.511 1.690 1.120 1.690 1.690 19.511 1.690 1.120
1 12.500 24.865 28.670 25.661 25.661 20.592 18.613 20.816 18.613 0.672 19.578 17.987 20.816 17.987 0.695 17.449 16.630 20.816 16.630 0.752
2 12.595 24.865 25.991 24.337 25.661 20.161 18.349 20.107 18.349 0.686 19.063 17.664 20.107 17.664 0.713 16.964 16.312 20.107 16.312 0.772
3 10.656 24.865 25.991 11.598 25.661 11.598 11.598 20.107 11.598 0.919 9.742 9.742 20.107 9.742 1.094 9.742 9.742 20.107 9.742 1.094
4 6.468 24.865 25.991 6.773 25.661 6.773 6.773 20.107 6.773 0.955 5.689 5.689 20.107 5.689 1.137 5.689 5.689 20.107 5.689 1.137
5 4.257 24.865 25.991 4.478 25.661 4.478 4.478 20.107 4.478 0.951 3.762 3.762 20.107 3.762 1.132 3.762 3.762 20.107 3.762 1.132
6 3.029 24.865 25.991 3.216 25.661 3.216 3.216 20.107 3.216 0.942 2.702 2.702 20.107 2.702 1.121 2.702 2.702 20.107 2.702 1.121
7 2.269 24.865 25.991 2.449 25.661 2.449 2.449 20.107 2.449 0.926 2.057 2.057 20.107 2.057 1.103 2.057 2.057 20.107 2.057 1.103
8 1.893 24.865 25.991 1.947 25.661 1.947 1.947 20.107 1.947 0.972 1.635 1.635 20.107 1.635 1.157 1.635 1.635 20.107 1.635 1.157
500
300
400
Buckling resistance by Option 2 (Kankanamge, 2010)
KN*m KN*mKN*m
Elastic buckling momentsUltimate 
moment 
Mu
T L
Yield 
moment 
My
Buckling resistance by (AISI, 2007) Buckling resistance by Option 1 (Kankanamge, 2010)
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